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ABSTRACT OF DISSERTATION

NATURALLY OCCURRING AND INTRODUCED TRACERS FOR EXAMINING
WATER PATHWAYS IN URBAN ENVIRONMENTS
Naturally occurring stable isotopes of water and introduced water tracers allow
researchers to examine water pathways and better understand spatial and temporal
variability in water sources. Trends in naturally occurring stable isotope values can
function not only as a tracer for precipitation patterns and moisture recycling but also as a
confirmation of municipal data. Additionally, these data can provide an early signal for
the effects of climate change on these sources, reducing uncertainty from physical
measurements. To further assess water pathways, introduced tracers can be used to
investigate surface and below ground surface flow for streams and rivers.
In chapter 2, stable isotope values from collected precipitation in Kyiv (Ukraine)
and Cherkasy (Ukraine) were compared with published 3H data for Kyiv from the year
2000. These data show an influence of the North Atlantic Oscillation (NAO) and provide
information about processes affecting precipitation along the storm trajectory. The 𝛿18O
values also show a correlation with temperature, indicating that precipitation patterns
may be affected by the rising temperatures in the region, as predicted by recent regional
studies using Representative Concentration Pathway scenarios. When compared to
backtracked storm trajectory and NAO data, clear relationships emerged between water
isotope ratios, storm paths, and likely moisture recycling. Overall, 𝛿2H, 𝛿18O, 3H, and
storm trajectory data provide more regional information on water vapor processes,
improving climate-change-driven precipitation forecasts in Ukraine.
In chapter 3, tap water, surface water, and groundwater were collected over 14
months in Kyiv and nearby Boryspil, Brovary, and Boyarka. Stable isotope values from
the tap water for each district in Kyiv show a general seasonal trend in water sources,
with more groundwater used in the supply in the winter for most districts. Spatially,
groundwater use increases from south to north in the left-bank districts in Kyiv city and
groundwater use generally decreases from south to north in the right-bank districts. As
precipitation patterns shift and temperatures increase, the reliance on particular water
sources may need to shift as well. Overall, 𝛿2H and 𝛿18O data provide a baseline
expectancy for current water use throughout the year and, from this, deviations can be
assessed early.

In chapter 4, coupled conservative and reactive tracers were used to characterize
both adsorption and transient storage in an urban stream pre- and post-restoration. Many
stream restoration projects are undertaken to increase water residence times and create
environments for contaminant degradation, but direct comparisons of how restoration
techniques achieve these goals are limited. This study found that each restoration
technique increased transient storage when compared to the pre-restoration conditions.
However, as the restoration styles were in a sequential order, it is possible that storage
from previous sections could also affect concentrations recovered downstream. Storage
for both the regenerative design and the single channel design included adsorption and
transient storage. The multi-channel design had the primary control of transient storage.
KEYWORDS: Ukraine, hydrogen-2, oxygen-18, climate change, municipal water
sources, stream restoration
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CHAPTER 1. INTRODUCTION
1.1

BACKGROUND
Stable isotopes of an element contain the same number of protons but a different

number of neutrons, giving them different masses (Davies, 2020). The elements used as
tracers in this dissertation, hydrogen and oxygen, have more than one isotope. Hydrogen1 (1H) and oxygen-16 (16O) are the two most abundant, making up more than 99% of the
occurrences. Hydrogen-2 (2H or deuterium) and oxygen-18 (18O) make up most of the
remaining fraction of a percent. While oxygen-17 may also be used as a tracer, it has the
smallest occurrence percentage (Davies, 2020) and is not utilized in this dissertation.
Deuterium and 18O are the “heavier” isotopes of their respective elements due to
the extra neutron. This means that when water evaporates or precipitates, the molecules
that are evaporated or precipitated depend on this weight. The lighter isotopes will
evaporate first while the heavier isotopes will precipitate first (Xi, 2014). Due to this ratio
of the heavier isotope to the lighter isotope, hydrogen and oxygen can be used as water
tracers (Xi, 2014). These ratios, which are typically compared against a known standard,
give information about larger regional processes, such as addition of water along storm
paths, and also localized processes, such as below-cloud evaporation as raindrops fall.
The relationship between these stable isotope ratios has been established by Craig (1961)
with the global meteoric water line (GMWL). This line relates the hydrogen stable
isotope ratio on the y-axis to the oxygen stable isotope ratio on the x-axis. Different types
of water, such as groundwater, surface water, and precipitation, will generally fall along
certain parts of this line. For instance, groundwater tends to have more negative values
1

while surface water tends to have less negative values due to evaporation leaving behind
proportionately more 2H and 18O. The GMWL uses datasets from all over the world
(Craig, 1961), however, which obscures localized processes. To account for these
processes, local meteoric water lines (LMWL) can also be created. While the same
concept of the GMWL applies and the isotope ratios for the different types of waters still
are located in similar graphical space relative to each other, the LMWL only considers
data from the particular area in question. An established LMWL over multiple years can
give insight into precipitation deviations and local climate.
In addition to naturally occurring water tracers, such as stable isotopes, introduced
tracers are also utilized in urban environments. These can be either conservative, which
do not undergo reactions along the pathway, or reactive, which do. Introduced tracers can
give vital information about flowpaths and storage and are very helpful to show changes
with stream restoration efforts. Conservative tracers, such as NaBr, can indicate the basic
flow path residence time. Reactive tracers, such as resazurin, may be used to indicate
aerobic activity in the streambed or flow through the hyporheic zone without sampling
pore water directly (Haggerty et al., 2008). Reactive tracers will undergo a much higher
degree of change in the hyporheic zone than in the stream channel, so the ratio of
introduced and transformed tracer concentrations gives an indication of travel in the
hyporheic zone and microbial activity may also be calculated (Haggerty et al., 2008).
Often stream restoration projects will have goals of decreasing water velocity and
increasing storage time to allow for cycling of nutrients and introduced tracers can help
assess how well the restoration achieved these goals.

2

Stream restoration efforts can decrease stream velocity by adding deep pools or
meanders, by increasing stream dimensions, or by adding objects like logs to the stream.
Storage can be increased by encouraging flow into the hyporheic zone or lateral flow, for
instance, by adding riffles and pools or more porous streambed material. In this
dissertation, several restoration styles were considered: a regenerative design, a natural
channel design, and a multi-channel design. A regenerative design aims to spread the
water laterally with the addition of riffles and pools and to decrease water velocity by
increasing stream width and depth and adding logs to the stream (Cizek et al., 2017;
Koryto et al., 2018). A natural channel design is based on features that were present prior
to the stream restoration but strengthens areas that may have become degraded over time
(Zimmer & Lautz, 2015). A multi-channel design has meanders and multiple channels
with pools that keep water in-stream longer (Miller et al., 2010). This both provides
storage and decreases velocity.

1.2

CLIMATE CHANGE AND WATER SOURCES IN NORTH-CENTRAL
UKRAINE
Climate change has been a focus of numerous studies and models across Europe,

including Ukraine, an important agricultural region. Over the past two decades, the
incidences of widespread drought in Ukraine have increased, with seven droughts
affecting approximately half the country (Skakun et al., 2016; Hauser et al., 2017). This
region is expected to undergo rising temperatures and a decrease of nearly 25% in
discharge of the Dnipro River under Representative Concentration Pathway (RCP) 8.5.
For the Desna River, there is a projected small to no increase in discharge under RCP 8.5

3

(Didovets et al., 2020). As the Dnipro and Desna rivers are the main sources of drinking
water to the city of Kyiv, a thorough understanding of precipitation patterns and
municipal water sources is necessary for effective water management. To better examine
these sources, this project undertook the first stable isotope study of water in this region
to create a baseline for future climate work. Chapters 2 and 3 comprise the work
associated with this study, focusing on precipitation and municipal water sources,
respectively. Chapter 2 focuses on pathways that precipitation takes to arrive in northcentral Ukraine and the effects that local climate has on this precipitation. The text for
Chapter 2 has been modified from a manuscript that was published online in the journal
Isotopes in Environmental and Health Studies in October 2022 (DOI:
10.1080/10256016.2022.2131781).
Chapter 3 investigates the sources of municipal water to the city of Kyiv and how
these sources may be affected with climate change. The city receives the majority of its
drinking water (approximately 89%) from surface water sources, which are especially
vulnerable to the effects of climate change. The stable isotope values indicate the sources
to the municipal water in Kyiv and how these sources change temporally and spatially.
Furthermore, an assessment of the contribution of groundwater to the Dnipro River was
undertaken, as the reliance upon this contribution may increase as climate change
progresses. The text for Chapter 3 has been modified from a manuscript published online
in the journal Discover Water (DOI: 10.1007/s43832-022-00021-x).

4

1.3

WATER PATHWAY CHANGES ASSOCIATED WITH STREAM
RESTORATION TECHNIQUES
Chapter 4 examines how water flow is affected by different stream restoration

techniques. When stream restoration projects are undertaken, often stated goals include
increasing water residence time and creating environments for contaminant degradation.
To assess stream flow and storage, conservative tracers are typically used as they do not
react and have limited adsorption to sediments. A shortcoming of this type of tracer is
that it cannot identify if the water in the stream has entered the hyporheic zone. In
contrast, a reactive tracer may adsorb to sediments but may also identify when water
enters the hyporheic zone by reacting chemically. By coupling conservative (sodium
bromide or NaBr) and reactive tracers (resazurin or Raz), this study characterizes both
adsorption and transient storage in an urban stream pre- and post-restoration. Three
restoration techniques were sequentially implemented downstream: a regenerative design,
a single channel with stabilized banks, and a braided channel with a riparian wetland.
In this study, each restoration technique increased transient storage when compared
to the pre-restoration conditions. While storage for both the regenerative design and the
single channel design included adsorption and transient storage, the single channel design
yielded lower average tracer concentrations over a longer period, indicating a higher
capacity for solute retention, though this is relative as adsorption and/or storage in the
previous section may have also decreased concentrations. Further, the multi-channel
design had the primary control of transient storage, with the highest indicated capacity for
solute retention of the three restoration types.

5

CHAPTER 2. USE OF ISOTOPES IN EXAMINING PRECIPITATION PATTERNS IN
NORTH-CENTRAL UKRAINE

This is an Accepted Manuscript of an article published in Isotopes in Environmental
and Health Studies on 04 September 2022, available online: DOI
10.1080/10256016.2022.2131781

2.1

ABSTRACT
North-central Ukraine is vulnerable to temperature increases and precipitation

pattern changes associated with climate change. With water management becoming
increasingly important, information on current water sources and moisture recycling is
critically needed. Isotope ratios of oxygen (𝛿18O) and hydrogen (𝛿2H) in precipitation are
sensitive to these variables and allow comparisons across the region. The 𝛿2H and 𝛿18O
values from collected precipitation in Kyiv and Cherkasy in 2020 and published 3H data
for Kyiv from the year 2000 show an influence of the North Atlantic Oscillation (NAO)
and provide information about processes affecting precipitation along the storm
trajectory. The 𝛿18O values also show a correlation with temperature, indicating that
precipitation patterns may be affected by the rising temperatures in the region, as
predicted by recent regional studies using Representative Concentration Pathway
scenarios and the global climate model GFDL-ESM2M. When compared to backtracked
storm trajectory and NAO data, clear relationships emerged between water isotope ratios,
storm paths, and likely moisture recycling. Overall, 𝛿2H, 𝛿18O, 3H, and backtracked storm
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trajectory data provide more regional and local information on water vapor processes,
improving climate-change-driven precipitation forecasts in Ukraine.

2.2

INTRODUCTION
2.2.1.1 STUDY RATIONALE
Over the past two decades, the incidences of widespread drought in Ukraine have

increased, with seven droughts affecting approximately half the country (Skakun et al.,
2016; Hauser et al., 2017). Changes in precipitation patterns, likely driven by climate
change, can cause both floods and droughts to occur, depending on the timing of
precipitation (Bazylevych & Kupalova, 2013). This shift in precipitation has the potential
to dramatically impact Ukraine (Skakun et al., 2016), an important agricultural area for
Europe (Semenova & Slizhe, 2020). Stable isotope ratios of hydrogen and oxygen in
water are established tools for tracking the sources and fate of precipitation (e.g. Fujita &
Abe, 2006; Gao et al., 2011; Vodila et al., 2011; Yang et al., 2017; Booth et al., 2021).
Additionally, anthropogenic and natural disturbances to the water cycle can be identified
(Vystavna et al., 2016). These measurements can be used in water resources management
to assess the importance of seasonal precipitation to different water sources (Wassenaar
et al., 2011), but the general circulation models do not translate as well to regional or
local-scale variations in isotope trends (Aggarwal et al., 2012), necessitating more
localized investigations.
For this study, precipitation was collected over a period of one year in Kyiv
(November 2019 through December 2020) and in Cherkasy (January through December
2020), located ~ 190 km south of Kyiv along the Dnipro River (Figure 2.1). This project
7

is the first stable isotope study of precipitation in north-central Ukraine. These results are
compared with a previously published study of tritium (3H) from the year 2000 (Dyachuk
et al., 2004). Combined with back trajectories of storm systems and North Atlantic
Oscillation (NAO) index data, the establishment of preliminary local meteoric water lines
(LMWLs) strengthens observations and predictions of temporal shifts in the source of
precipitation delivered to north-central Ukraine.
2.2.1.2

PHYSIOGRAPHY AND CLIMATE OF KYIV AND
CHERKASY

Kyiv is the capital of Ukraine and home to ~ 2.9 million people, whereas
Cherkasy has a population of ~ 273,000 people. Both cities are in the Forest-Steppe
region, though Cherkasy is near where the Steppe region begins and the border between
Forest-Steppe and Steppe is not firmly defined (Semenova & Slizhe, 2020). Elevation
ranges from 89 to 208 m above sea level (asl) in the Kyiv area and from 78 to 143 m asl
in the Cherkasy area (Google Earth, 2021). Both cities fall within zone Dfb of the
Köppen-Geiger climate classification, i.e., humid with snowy winters and warm summers
(Kottek et al., 2006).
During 2020, there was no clear seasonal trend in precipitation amount, though
Kyiv and Cherkasy both received the highest amount of precipitation in May (136 mm
for Kyiv, measured at Lukyanivska, and 103 mm for Cherkasy, from Cherkasy weather
station). Kyiv received the lowest amount of precipitation in November (9 mm, measured
at Lukyanivska) while Cherkasy received the lowest amount in August (3 mm, from
Cherkasy weather station). This diverges from historical records, which indicate that
maximum precipitation typically occurs in July and the minimum in February (Netsvetov
et al., 2018). The temperatures in Kyiv and Cherkasy also show a similar pattern, with
8

warm summers and cold winters. The average for the warm season (June–August) for
Kyiv is 20°C and for Cherkasy is 22°C and the average for the cold season (December–
February) is 2°C in Kyiv and 4°C in Cherkasy. This is an increase from historical records
(1899–2012; climatic data for Cherkasy for the period from 1899, 2012; climatic data on
the city of Kyiv for the period from 1899, 2012) which show an average of 19°C in the
warm season and 3°C in the cold season for both Kyiv and Cherkasy (Table 2.1). The
annual average temperature of the days of precipitation is 11°C in Kyiv and 12°C in
Cherkasy, with a range of 19°C in Kyiv and 20°C in Cherkasy.
Over the past two decades, the effects of climate change have already become
evident. In the winter of 2019–2020, the increase in temperature and decrease in
precipitation (~ 25 % less than average for the season) meant that a meteorological winter
did not occur for the first time in 140 years (Borys Sreznevsky Central Geophysical
Observatory, 2020). Meteorological winter refers to average daily temperatures
decreasing to below 0°С (Borys Sreznevsky Central Geophysical Observatory, 2020).
The winter months of December 2019 through February 2020 were the warmest on
record in Europe (Khalaim et al., 2021). As the 21st century began, positive temperature
anomalies became stronger, affecting the average winter and summer temperatures
(Semenova & Slizhe, 2020). The year 2020 was the warmest since 1881 (2.0°C higher
than the historical average based on temperature records since 1899; climatic data on the
city of Kyiv for the period from 1899, 2012) and there were 36 daily high-temperature
records set in 2020 in Kyiv. Furthermore, precipitation for the year was only 87 % of
what is typical in Kyiv (Table 2.1), though more precipitation than typical fell in May (~
156 % increase) and October (~ 203 % increase) and less than usual fell in July (~ 51 %
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decrease) and August (~ 39 % decrease; climatic data on the city of Kyiv for the period
from 1899, 2012; Borys Sreznevsky Central Geophysical Observatory, 2020). It is
predicted, using Representative Concentration Pathway (RCP) scenarios and the global
climate model GFDL-ESM2M, that winter temperatures in northern Ukraine could rise
by 3.2°C by 2070 and by 5.0°C by 2100 (Snizhko et al., 2020). These shifts in
precipitation and air temperatures can lead to potential flooding or drought, depending on
the timing and type of precipitation (Bazylevych & Kupalova, 2013) and may also lead to
a shift in where certain crops are viable (Snizhko et al., 2020). Because the population of
Ukraine relies strongly on agriculture and the water supply is vulnerable to changes in
temperature and precipitation (Didovets et al., 2017), understanding the sources, patterns,
and paths of precipitation in this region will be critical for future water management.

2.3

METHODS
2.3.1

PRECIPITATION COLLECTION

From November 2019 through February 2020, precipitation collectors were set up
at National University Kyiv-Mohyla Academy in Podil. After a disruption to the
collectors in late February, they were moved to a private garden in Lukyanivska, ~ 4 km
away, where they remained until January 2021. In Cherkasy, the collector was set up in a
private garden of a student from Kyiv-Mohyla Academy. Collectors in both locations
were set up away from buildings, trees, and plants that could disrupt the precipitation
pathway into the collector.
In Kyiv, during the winter months, two 30.5-cm-diameter buckets were used to
collect snow and rain. One bucket was used for a monthly composite sample and the
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other was used for individual event samples. Samples were collected after each storm
event and snow samples were covered and allowed to melt at room temperature prior to
collection. In spring, two rain collectors were constructed using a 15-cm diameter funnel
and a 3-L high-density polyethylene container. A ping-pong ball was placed in the funnel
to inhibit evaporation, and samples were collected after each storm event (IAEA/GNIP
precipitation sampling guide version 2, 2014). Again, one collector was used for a
monthly composite sample and the other was used for individual event samples. In
Cherkasy, samples were collected immediately after each storm event via the same
methods as in Kyiv, but then were composited monthly. Two composite samples from
Cherkasy are absent from the data for the following reasons: only a trace amount of
precipitation fell on one day in August at the sampling location in Cherkasy, so an
unaltered sample could not be analyzed despite collection within 24 hours, and the
October composite sample, while collected, was damaged during shipment and unable to
be analyzed.
Composite samples were collected at the same time as event samples and were
kept in 5-L HDPE bottles that were sealed with Parafilm and refrigerated. The composite
samples were shaken to mix immediately prior to collecting the monthly samples. In
months where more than 5 liters total were collected, the accumulated water from the two
5-L bottles was poured into a dry, clean bucket and immediately collected in 40-mL or
60-mL HDPE bottles, which were then sealed with Parafilm and kept refrigerated. Event
samples were collected in 40-mL or 60-mL HDPE bottles, sealed with Parafilm, and kept
refrigerated. All samples were stored in a refrigerator until analysis except during
transport from Ukraine to the United States.
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2.3.2

STABLE ISOTOPE ANALYSIS

Samples were analyzed at the University of Kentucky using a Los Gatos TLWIA-45-EP liquid water isotope analyzer. All water samples were first filtered with
sterile 0.45-μm filters. Samples were then injected via autosampler nine times, with the
first four injections ignored to mitigate between-sample memory effects. The raw
hydrogen and oxygen isotopic data were then normalized to the VSMOW-SLAP (Vienna
Standard Mean Ocean Water-Standard Light Antarctic Precipitation) scale using two
different certified standards with contrasting isotopic values: USGS49 Antarctic Ice Core
Water (δ2HVSMOW-SLAP = –394.70‰, δ18OVSMOW-SLAP = –50.55‰; Lorenz et al., 2016) and
USGS50 Lake Kyoga Water (δ2HVSMOW-SLAP = +32.80‰, δ18OVSMOW-SLAP = +4.95‰;
Coplen et al., 2015). Multiple in-session measurements of a third standard, USGS45
Biscayne Aquifer Drinking Water (δ2HVSMOW-SLAP = –10.30‰, δ18OVSMOW-SLAP = –
2.24‰; Lorenz et al., 2014) were used to evaluate the precision and accuracy of the
isotopic data.
Deuterium excess (d-excess) was calculated as 𝑑𝑒𝑥𝑐𝑒𝑠𝑠 = 𝛿 2 𝐻 − 8 × 𝛿 18 𝑂
(Dansgaard, 1964). Amount-weighted average isotopic composition for a time period was
calculated as
∑𝑛𝑖=1 𝑃𝑖 𝛿𝑖
𝛿𝑤 = 𝑛
∑𝑖=1 𝑃𝑖
where Pi is the amount of precipitation, δi is the value of δ18O or δ2H for sample i, and n
is the total number of samples (Dansgaard, 1964; Dublyansky et al., 2018). Precipitation
data for Kyiv were measured from the collectors in Podil and (after February 2020)
Lukyanivska. Because precipitation data in Cherkasy were not continuously recorded
throughout the year, data from the Cherkasy weather station (Cherkasy precipitation,
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temperature, and humidity data, 2021) were used. Temperature and humidity data were
obtained from the Kyiv International Airport (Zhuliany) weather station (Weather
Underground, 2021) and the Cherkasy weather station (Cherkasy precipitation,
temperature, and humidity data, 2021). Slope, intercept, and standard error of the LMWL
were calculated following Marchina et al. (2020). Precipitation weighted least squares
regression (PWLSR) LMWLs were also calculated after Kern et al. (2016) and Hughes &
Crawford (2012).
2.3.3

DATA COLLECTION FROM OTHER SOURCES
2.3.3.1 IAEA STABLE ISOTOPE DATA

To identify trends along backtracked storm trajectories, stable isotope data for
precipitation fetch regions were downloaded from the International Atomic Energy
Agency (IAEA) Water Isotope System for data analysis visualization and Electronic
Retrieval (WISER) database. Stable isotope data for other locations in Ukraine (Kharkiv,
Svyatogirsk, Odesa, and Lviv) were also downloaded for comparison to the Kyiv and
Cherkasy stable isotope data.
2.3.3.2 KYIV TRITIUM DATA
Tritium (3H), with a half-life of 12.32 years, is produced naturally by cosmic
radiation in the upper atmosphere and anthropogenically from nuclear facilities and bomb
tests, which peaked in the 1960s (Juhlke et al., 2020). Due to the large volume of water in
the ocean, Atlantic-derived precipitation will contain 3H values of ~ 0 TU, while
precipitation originating from the continent will contain higher 3H values (Gat et al.,
2001), providing information about the origin of precipitation arriving in a particular
location. For historical context, tritium values in precipitation from Kyiv in 2000 from
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another study (Dyachuk et al., 2004; Appendix 4) are reported. These 3H values and
corresponding precipitation patterns were then compared to the patterns corresponding to
the stable isotope data collected in 2020 to investigate both reliability of 3H in
comparison to water isotope data and if any climatic trends can be observed.
2.3.3.3 NORTH ATLANTIC OSCILLATION
(NAO) DATA
The NAO influences patterns of heat and moisture transport to continental
Europe, affecting storm trajectories to Ukraine (Barnston & Livezey, 1987; van den Dool
et al., 2000; Chen & van den Dool, 2003). The positive phase of the NAO index in
Europe indicates higher-than-normal sea level pressure and height difference between the
Subtropical High and Subpolar Low, while the negative phase indicates the opposite
(Barnston & Livezey, 1987; van den Dool et al., 2000; Chen & van den Dool, 2003). To
characterize the influence of the NAO on precipitation patterns in Kyiv and Cherkasy,
monthly NAO index values were retrieved from the National Oceanic and Atmospheric
Administration (NOAA) website for the years 2000, 2019, and 2020 (Monthly mean
NAO index since January 1950, 2021).
2.3.4

HYSPLIT MOISTURE SOURCE DETECTION

The Hybrid Single-Particle Lagrangian Integrated Trajectories (HYSPLIT) model
from NOAA was used to compute backward air parcel trajectories (Stein et al., 2015;
Rolph et al., 2017). MeteoInfo, an open-source GIS application (Wang YQ, 2021), with
the plugin TrajStat, was used to calculate cluster means of the trajectories.
Meteorological data used were from the National Centers for Environmental
Prediction/National Center for Atmospheric Research global reanalysis data from
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December 2019 through December 2020. A backward trajectory of 240 hours (the
average residence time of water vapor in the atmosphere; Huang et al., 2021) with a
starting height of 500 m (based on MERRA-2 average values of the planetary boundary
layer for Ukraine; Guo et al., 2021; Palm et al., 2021) was calculated for each day of
precipitation from February through November 2000, corresponding to available 3H data,
and December 2019 through December 2020, at 00:00, 06:00, 12:00, and 18:00 UTC.

2.4

RESULTS
2.4.1

STABLE ISOTOPES

2.4.1.1 KYIV AND CHERKASY

Both daily and monthly composite water isotope values from Kyiv and Cherkasy
are summarized in Tables 2.2 and 2.3 and Appendix 2. Monthly averages were calculated
from both sample sets, with the event samples weighted by precipitation amount, and are
referred to in the text as “event precipitation weighted monthly samples”. Slight
variations in sample preservation and collection are possible with either method. Both
monthly averages are reported in Table 2.2.
Preliminary LMWLs were constructed for Kyiv and Cherkasy using the ordinary
least squares (OLS), reduced major axis (RMA), and major axis methods (Marchina et
al., 2020). The OLS method was ultimately selected since the slopes and intercepts were
similar to the RMA calculations. The OLS Kyiv LMWL is 𝛿2H = 8.3 𝛿18O + 13.7 and the
OLS Cherkasy LMWL is 𝛿2H = 7.7 𝛿18O + 5.6 (Figure 2.2), both based on the monthly
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composite samples. Additionally, the LMWL was calculated using the precipitation
weighted method (Kern et al., 2016; Hughes & Crawford, 2012) using monthly
composite and event precipitation weighted monthly samples, giving similar though not
the same results (Figure 2.2, 2.3). These additional calculations are included in Appendix
1.
Seasonal values of d-excess for Kyiv, calculated from monthly composite
samples, ranged from 8.6‰ in winter (December through February) to 14.8‰ in fall
(September through November), with an annual value of 11.3‰ (Table 2.3). Seasonal
values of d-excess for Cherkasy ranged from 5.0‰ in summer (excluding August, when
only trace precipitation fell in the sample collectors) to 11.3‰ in fall (excluding
October), with an annual value of 9.1‰ (Table 2.3).
2.4.2

HYSPLIT MOISTURE SOURCE IDENTIFICATION

Results from the HYSPLIT backtracked trajectories were clustered into three
averaged pathways with percentages associated with the precipitation originating from
three sources (Figures 2.4–2.6, Table 2.4). For the purposes of this study and to
differentiate multiple location sources in the Atlantic Ocean, precipitation that originated
from the Atlantic west of Ukraine is termed “North Atlantic” and precipitation that
originated from the Atlantic north of Ukraine is termed “Norwegian Sea”.
For Kyiv, percentages of oceanic versus continental water vapor sources for
backtracked storm trajectories were similar in the winter, spring, and summer 2000 and
2020. However, only ~ 9% of water vapor originated from oceanic sources in fall 2000,
versus ~ 37% in fall 2020. For Cherkasy, in winter and spring 2020, a higher percentage
of backtracked storm trajectories originated from oceanic sources than those for Kyiv.
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However, percentages of oceanic and continental origins for backtracked storm
trajectories were more similar for Cherkasy and Kyiv in summer and fall 2020.

2.5

DISCUSSION
The Global Meteoric Water Line (GMWL) created by Craig (1961) has been used

to understand the 𝛿2H and 𝛿18O relationship on a large scale. However, to identify
regional and local precipitation patterns and sources, LMWLs are created and utilized, as
these can differ from the GMWL due to localized processes. Understanding these
processes confidently at a regional scale is critical for topics such as water use planning,
accurate climate models, and identifying groundwater-surface water interactions
(Dublyansky et al., 2018; Marchina et al., 2020). As such, this study establishes LMWLs
for Kyiv and Cherkasy in north-central Ukraine, providing comparison points for future
precipitation studies in this climatically sensitive region. Given the lack of previous
isotope studies for Kyiv, we explore if published 3H data can provide additional
perspective on precipitation changes in this region. These datasets establish the sensitivity
and limitations of water isotopes as a hydrological tool in this region.
2.5.1

LOCAL METEORIC WATER LINES IN UKRAINE
AND CORRELATIONS WITH METEOROLOGICAL
PARAMETERS

The construction of preliminary LMWLs highlights differences in water and airmass sources as well as regional climate trends. Differing wind directions and sources
across Ukraine are apparent in the LMWLs. The prevailing wind direction during the
year is from the north for Kyiv, then, from Kyiv, to the south through Cherkasy and, from
Cherkasy, to the east to Kharkiv (Kudria et al., 2021). Average wind speed during the
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year at 10 m altitude is higher for Kyiv (3.7–4.1 m/s) than for Cherkasy (3.3–3.7 m/s;
Kudria et al., 2021). This pathway potentially results in increased water recycling, and, as
the air mass moves into regions with lower relative humidity, evaporation of falling
raindrops (Salamalikis et al., 2016) as captured in slope differences between the Kyiv and
Cherkasy LMWLs.
To understand the role of temperature in the precipitation data, linear regressions
were calculated to examine correlations between temperature and 𝛿18O, precipitation
amount and 𝛿18O, relative humidity and 𝛿18O, and relative humidity and d-excess for both
Kyiv and Cherkasy (Appendix 3). These utilized monthly temperature and humidity
means, monthly precipitation totals, and monthly composite precipitation samples. In
December 2020 for Kyiv, the event precipitation-weighted monthly isotope value was
used instead of the composite sample. This was out of concern that the composite sample
had been subject to sublimation and/or evaporation on several days, resulting in its
omission from the event-based monthly calculations. For consistency within this study,
the authors consider a correlation is very strong if r2 > 0.90, strong if r2 = 0.70–0.89,
moderate if r2 = 0.50–0.69, and weak if r2 < 0.50. Correlations are considered to be
statistically significant if the p-value is ≤ 0.05.
Although a correlation between temperature and 𝛿18O is expected for mid-latitude
locations (Krklec et al., 2018), these relationships allow for insight into regional climate
patterns. In both Kyiv and Cherkasy, there was strong correlation between temperature
and 𝛿18O (Kyiv r2 = 0.77, p = 0.0001; Cherkasy r2 = 0.80, p = 0.0004). There was a
moderate correlation between relative humidity and 𝛿18O in Cherkasy (r2 = 0.53, p =
0.0158) and a weak, statistically insignificant correlation in Kyiv (r2 = 0.29, p = 0.0764).
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This difference highlights the higher humidity in Kyiv, potentially leading to less belowcloud alteration of isotopic values. Depending on raindrop diameter and relative
humidity, Salamalikis et al. (2016) found changes in 𝛿18O of up to 20‰ and 𝛿2H of up to
75‰. For relative humidity > 95% or large raindrops (e.g. 2.8-mm diameter), there is
relatively little change in 𝛿18O or 𝛿2H. However, below a relative humidity of 95%, as
relative humidity decreases, smaller raindrops will undergo more evaporation, leading to
18

O and 2H enrichment.
In Kyiv and Cherkasy, the strong correlation between temperature and 𝛿18O may

have been influenced by the higher-than-normal temperatures in 2020. Future studies can
confirm if this strong correlation is an anomaly or is indicative of a longer-term trend. As
temperatures rise with climate-change progression, this relationship may provide another
signal of this increase and changes in the precipitation structure itself, such as smaller
raindrops and smaller precipitation events.
2.5.2

ANNUAL AND SEASONAL ISOTOPIC EFFECTS
IN PRECIPITATION
2.5.2.1 KYIV AND CHERKASY STABLE
ISOTOPES

Seasonal climate and precipitation changes are captured in the water isotope data
from both Kyiv and Cherkasy. Specifically, values of 𝛿18O in water vapor formed over
the ocean surface are influenced by temperature and windspeed, while values of d-excess
are sensitive to relative humidity, increasing with the amount and rate of evaporation
(Dansgaard, 1964; Dublyansky et al., 2018). The original oceanic signal for d-excess can
also be altered by moisture added from continental evaporation and below-cloud
evaporation (Krklec et al., 2018).
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In the winter months in both Kyiv and Cherkasy, 𝛿2H and 𝛿18O values were more
negative compared with the values for the rest of the year, with spring the next most
negative (Tables 2.2, 2.3). For a mid-continental location like Ukraine, this pattern is
expected as the isotopic values of precipitation usually follow the seasonal temperature
(Dublyansky et al., 2018), which agrees with the correlation between temperature and
𝛿18O at both Kyiv and Cherkasy. More depleted values can also indicate water vapor
obtained via evaporation (Krklec et al., 2018; Zhu et al., 2019) at some point along airmass trajectories, and/or that precipitation occurred before water vapor from the Atlantic
reached Kyiv. Additionally, more depleted values can indicate the continental effect, the
decrease of stable isotope ratios with distance from the ocean as precipitation occurs over
the continent (Winnick et al., 2014).
Monthly values for 𝛿2H and 𝛿18O were most enriched in summer through fall
(Tables 2.2, 2.3). This again follows the seasonal temperature cycle (Dublyansky et al.,
2018), with more enriched values occurring during the warmer months, agreeing with the
correlation between stable isotope values and temperature for Kyiv and Cherkasy. Due to
a decrease in relative humidity, more below-cloud evaporation may also contribute to this
enrichment (Salamalikis et al., 2016).
2.5.2.2 KYIV AND CHERKASY D-EXCESS
VALUES

Seasonal differences in d-excess values can result from changes at the vapor
source, different air-mass origins, and/or below-cloud evaporation. First, low d-excess
values in winter may indicate less and slower evaporation at the vapor source
(Dublyansky et al., 2018). This scenario is plausible but cannot be evaluated for inland
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locations if the vapor source is oceanic, as moisture recycling obscures the original dexcess signature (Krklec et al., 2018). Additionally, different origins of air masses from
the storm trajectories can lead to lower d-excess values (Vystavna et al., 2018a). Finally,
lower d-excess values could also result from below-cloud evaporation of precipitation if
there are dry conditions (Benetti et al., 2017), smaller precipitation amounts (Hughes &
Crawford, 2012), or higher air temperature (Xia & Winnick, 2021). For instance, the dexcess for winter in Kyiv is the lowest of all the seasons at 8.6‰ and the second lowest
for Cherkasy at 5.3‰. Since the winter of 2019–2020 was warmer than the historical
average and included several smaller precipitation events, this could influence lower dexcess values through below-cloud evaporation.
In contrast to the low winter d-excess values for Kyiv and Cherkasy, the d-excess
values were highest in the fall for both locations (Table 2.3). Higher d-excess can be
associated with trajectories over continents if vapor was added along the storm pathways,
such as evaporation from soil (Aemisegger et al., 2014). From the backtracked
trajectories, fall had the highest percentage of contributions from continental sources for
both Kyiv and Cherkasy, which agrees with the possibility for increased moisture
recycling along the pathway. Overall, for a continental location like Ukraine, it appears
that d-excess captures both air-mass and climate-driven changes in along-path water
recycling.
2.5.2.3 IAEA STABLE ISOTOPE DATA FOR
UKRAINE AND PRECIPITATION
FETCH REGIONS
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To identify the impact of air-mass origin and climate on the Kyiv and Cherkasy
isotope records, stable isotope data were retrieved for the fetch regions indicated by the
backtracked storm trajectories, or as close as possible to those regions, from the IAEA
GNIP database (Appendix 5; IAEA/WMO, 2022). The stations selected included
Danmarkshavn (Greenland), Lista (Norway), Goteborg (Sweden), Forshult (Sweden), and
Riga (Latvia) for the Norwegian Sea and Valentia (Ireland) for the North Atlantic.
Stations north of Ukraine included St. Petersburg and Arkhangelsk (Russia), Rovaniemi
(Finland), and Minsk (Belarus). Stations west of Ukraine included Wroclaw and Krakow
(Poland) and Hof-Hohensaas (Germany), and east of Ukraine included Pechora (Russia).
From the Norwegian Sea region, the backtracked storm trajectories indicate two
main pathways to Ukraine (Figure 2.1, yellow pathway). The first pathway indicates
more of a rainout effect as the air masses move from northwest to southeast and the stable
isotope values become more depleted from Lista onto the continent toward Ukraine. The
second indicates a latitude effect, with stable isotope values becoming more enriched
from north to south (Christner et al., 2018).
North of Ukraine, the pattern of stable isotope values is similar to the second
pathway from the Norwegian Sea region, with enrichment from north to south. Most air
masses arrive to Kyiv and Cherkasy from the vicinity of Finland and Russia near St.
Petersburg (Figure 2.1, purple pathway). The exception to this is Spring 2020, when the
backtracked trajectories to Cherkasy show a northern fetch region near Pechora (Russia),
passing west near Arkhangelsk (Russia) before moving south to Ukraine (Figure 2.1,
green pathway).
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From the North Atlantic fetch region, the continental effect can be observed as the
air masses pass near Ireland and then continue onto the continent, across Germany and
Poland into Ukraine (Figure 2.1, brown pathway). Stable isotope values become
progressively more depleted along the pathway, indicating either rainout or the addition
of water vapor (Gat et al., 2001). Throughout the year, there is likely a combination of
continental effect and water recycling over the continent on this pathway to north-central
Ukraine. There is expected to be a similar process for the air mass in winter 2020 that
arrives to Kyiv from the west, from the Germany/Poland region (Figure 2.1, orange
pathway).
Examining the backtracked trajectories with the stable isotope and d-excess
values for Kyiv and Cherkasy shows general data agreement with regional trends, but
also makes it clear that for a continental location like Ukraine, the local climate will have
a large role in the final isotopic values of collected precipitation. In the fall, when
seasonal stable isotope values for Kyiv and Cherkasy are most similar, there is a similar
percentage of backtracked trajectories from the North Atlantic and the continent north of
Ukraine. The d-excess is lower for Cherkasy but is > 10‰ for both Kyiv and Cherkasy,
indicating some moisture recycling along the trajectory (Aemisegger et al., 2014; Oza et
al., 2020a). Summer isotope values are the next most similar, with the backtracked
trajectories indicating a similar contribution of pathways from the continent north of
Ukraine for both cities. However, 62% of the remaining trajectories came from the
Norwegian Sea region for Kyiv, while only 24% came from this region for Cherkasy (the
remainder originated from the North Atlantic). While the stable isotope values are similar
for this season, the d-excess for Cherkasy (5.0‰) is lower than for Kyiv (10.0‰). Rather
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than indicating a difference in pathways, this is likely a reflection of higher temperatures
and lower precipitation amounts in the summer in Cherkasy.
Spring and winter were the seasons with the greatest isotopic differences between
Kyiv and Cherkasy. In the spring, there is a similar percentage of trajectories from the
North Atlantic, but nearly half of the trajectories for Kyiv come from the continent north
of Ukraine, while only a quarter for Cherkasy originate there (the other quarter is from
the Norwegian Sea). The trajectory from the Norwegian Sea comes from the more
southern route across the Baltic Sea, which is generally less depleted than the route that
passes across the continent north of Ukraine. This is reflected in the less depleted isotopic
values from Cherkasy compared to Kyiv. In winter, the majority of the trajectories for
both cities came from the North Atlantic, but 30% of the trajectories for Kyiv came from
the continent west of the city while 20% of the trajectories for Cherkasy came from the
continent north of Ukraine. The isotopic values for this season are more depleted for
Cherkasy, agreeing with the portion of air masses from north of the country, which tend
to be somewhat more depleted than those arriving from the North Atlantic.
To identify stable isotope trends more specifically within Ukraine, stable isotope
data for stations within the country were also considered (Appendix 6; Dublyansky et al.,
2018; Vystavna et al., 2018a; IAEA/WMO, 2022). There are additional controlling
factors on local climate for Odesa and Lviv, with Odesa situated on the Black Sea and
Lviv near the Carpathian Mountains, which makes direct comparisons to Kyiv and
Cherkasy difficult. The winds from the Baltic region (Vystavna et al., 2018a) move into
Ukraine from the north and through Kyiv and Cherkasy before flowing east (Kudria et
al., 2021) towards Kharkiv and Svyatogirsk. In general, isotopic values from Kharkiv and

24

Svyatogirsk are similar to or are more enriched than those from Kyiv and Cherkasy.
While these locations do not share all the same trends in air-mass flow, and the
differences will account for some differences in stable isotope values of precipitation at
the locations, local climate trends can also influence these values.
Similar to Kyiv and Cherkasy, the isotopic values of precipitation at Kharkiv and
Svyatogirsk show a correlation with temperature (Vystavna et al., 2018a, Diadin &
Vystavna, 2020). When compared to data for Kharkiv from November 2013 – February
2015 (Vystavna et al., 2018a), Kyiv had more depleted stable isotope values but lower
temperatures. Cherkasy had more incidences of more enriched or equal stable isotope
values, but also higher temperatures than Kharkiv and Kyiv throughout the year. Given
the correlation between temperature and 𝛿18O, it is possible that the higher temperatures
seen in Cherkasy influence the enrichment seen in the stable isotope values. However,
because these values can vary year to year, as more data are collected in the Kyiv and
Cherkasy regions in the future, trends like this can be inferred with more certainty.
2.5.2.4 TRITIUM COMPOSITION OF
PRECIPITATION

Given that air-mass source, source evaporation trends, and climate-driven water
recycling can all impact precipitation isotope values, we compared our water isotope
values with published data from Kyiv for 3H, a radiogenic isotope system used as a water
source indicator. In general, 3H values of precipitation from Africa, Continental Europe,
Western Europe, and the Mediterranean Sea are ~ 5, 8, 4, and 7 TU, respectively (Juhlke
et al., 2020). As precipitation moves inland, the value tends to increase, with Central and
Eastern Europe potentially having 3H values > 8 TU. Tritium values can also increase
25

with the addition of water vapor from the stratosphere, though this exchange is still not
fully understood, and from moisture pathways over nuclear and industrial facilities,
though this is unlikely to greatly increase values from a single precipitation event (Juhlke
et al., 2020).
For the year 2000, 3H values (Appendix 4) ranged from 6.4 TU to 94.1 TU
(omitting five likely outliers: 136.8 TU, 155.0 TU, 292.3 TU, 444.9 TU, and 9749.0 TU;
Dyachuk et al., 2004). When the data are considered seasonally in combination with
backtracked precipitation pathways, general relationships are evident. Overall, the
likelihood of high 3H values increases with the length of time an air mass spends over the
continent. This is attributed to moisture recycling from inland surface-water bodies (Kern
et al., 2020; Tadros et al., 2014; Meng & Liu, 2017). For example, the two samples from
February 2000 contained 3H values of 6.4 TU (representing 96% of the precipitation for
the month) and 41.7 TU. The lower value is consistent with backtracked trajectories,
indicating an Atlantic source (~ 0 TU) with the addition of continental water vapor (~ 8.8
TU; Kern et al., 2020). For March-May, backtracking indicated approximately equal
proportions of precipitation from continental sources and the North Atlantic, with 3H
values ranging from 30.4 to 94.1 TU.
Factors other than continental air-mass origin can affect 3H values. For example,
the backtracked precipitation paths for September–November indicate that ~ 90% of the
precipitation originated from the continent. However, the 3H values (16.9 to 94.0 TU)
were similar to the values in spring, for which 50% of precipitation was continental in
origin. Higher 3H values in spring and summer can result from a seasonal increase in
stratosphere-troposphere water exchange (Juhlke et al., 2020; Tadros et al., 2014),
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consistent with the published June–August values (22.8 to 85.7 TU). Continental water
recycling can also extend higher 3H values from spring precipitation into the summer
months (Gat et al., 2001).
Together with the backtracked storm data, the isotopes can provide insight into
moisture recycling along the storm path and indications of more local/regional vapor
sources for Kyiv. Much as 𝛿18O and 𝛿2H values can indicate distance from water vapor
sources and precipitation and addition of water vapor along the storm track through more
depleted values, 3H values can indicate distance from an oceanic water vapor source and
addition of water vapor from a continental source along the storm track through
increasing values. The 3H data record a strong continental signal that is higher in fall than
for our stable isotope data. Both types of isotopic data, when combined with backtracked
storm trajectories, add regional and local insights to large-scale data sets, critical for more
accurate regional climate models. However, the number of unexplained outliers in the 3H
dataset, combined with its lower sensitivity to seasonal variations, makes stable isotope
records a more robust proxy for monitoring precipitation trends in Ukraine.
2.5.2.5 NAO INDEX

High-resolution precipitation data, even if only covering one calendar year, can
form a foundation for documenting larger regional climate trends such as the NAO index.
In Central and Eastern Europe, the winter NAO index is positively correlated with
precipitable water and with 𝛿2H and 𝛿18O from October through March (Deininger et al,
2016). The occurrence of more negative 𝛿2H and 𝛿18O values during December through
February in Kyiv and Cherkasy is consistent with the findings of Deininger et al. (2016),
although more than 1 year of data is needed to confirm this result. Compared to 2019, the
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NAO index for 2020 was less negative for most months (Table 2.5), which is consistent
with higher-than-usual temperatures. The NAO index in 2019 ranged from +1.23 (March)
to -2.62 (May), while the NAO index in 2020 ranged from +2.54 (November) to -1.23
(July; Monthly NAO index since January 1950, 2021).
For both winter and summer, backtracked storm trajectories and values of the
average NAO index in Kyiv were similar for 2000 and 2020. Air masses originated from
the North Atlantic or Norwegian Sea and the continent west of Ukraine in winter (Table
2.4), with an average NAO index of 1.30 for 2000 and 1.27 for 2020 (Table 2.5). Air
masses originated from the North Atlantic or Norwegian Sea and the continent north of
Ukraine in summer (Table 2.4), with an average NAO index of -0.45 for 2000 and -0.42
for 2020 (Table 2.5). In contrast, there were pronounced differences between fall 2000
and fall 2020 in both storm trajectories and values of the average NAO index in Kyiv. Air
masses came primarily from the continent north and east of Ukraine (only ~ 9% from the
North Atlantic) in fall 2000 and from the continent north of Ukraine and the North
Atlantic (~ 37%) in fall 2020, corresponding to average NAO values of -0.07 in 2000 and
0.96 in 2020.
Isotopic signatures of precipitation also are consistent with these differences. The
3

H values from fall 2000 were relatively high, indicating more continental sources,

whereas 𝛿2H and 𝛿18O values from fall 2020 were less negative than those of winter and
spring, indicating less rainout along the path to Kyiv (Oza et al., 2020b) or below cloud
evaporation (Salamalikis et al., 2016). While the average NAO index differed for spring
2000 (0.77) and 2020 (-0.14), the backtracked storm trajectories indicated similar
percentages from the North Atlantic and the continent north of Ukraine. Although the
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backtracked trajectories had similar percentages between oceanic and continental sources,
combining the NAO index and the isotopic data presents a clearer understanding of what
is happening to the precipitation along the path to Kyiv, vital for regional climate models.
Since the NAO values correlate to the amount of precipitable water along the storm track
(Deininger et al., 2016) they are linked to the 𝛿18O and 𝛿2H values. The continental effect
also plays a role, with progressively more negative values of 𝛿2H and 𝛿18O as air masses
move east across the continent.

2.6

CONCLUSION
This study provides isotopic data in a climatological context for an understudied

region of eastern Europe that is susceptible to climate change. While drought currently
impacts primarily southern and eastern Ukraine, temperatures are rising across the
country and 2020 had a lower precipitation amount than typical for Kyiv, 87% of
historical (1899–2012) annual precipitation (climatic data for Cherkasy for the period
from 1899, 2012; climatic data on the city of Kyiv for the period from 1899, 2012; Borys
Sreznevsky Central Geophysical Observatory, 2022). Snizhko et al. (2020) predict that
winter temperatures in northern Ukraine could rise by 3.2°C by 2070 and by 5.0°C by
2100. This divergence from historical precipitation and temperature patterns highlights
the need for accurate predictions of the emerging patterns under climate change.
The isotopic values for 2020 follow seasonal trends as expected for a midcontinental location like Kyiv. Furthermore, they give important information about the
trajectories from the meteorological data. For instance, for the storm trajectories that
come from the North Atlantic in the winter months, it is expected that vapor will be
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added as the trajectory passes over the continent to Kyiv and there will be less belowcloud alteration due to lower temperatures. In contrast, during the summer and fall
months, more of the vapor from the Norwegian Sea arrives in Kyiv and Cherkasy, with
less loss along the way or more below-cloud alteration of precipitation due to higher
temperatures or drier air during these seasons. The 3H data from 2000 allow further
interpretation of backtracked precipitation results for Kyiv, though we highlight
challenges with using this dataset. The NAO index also indicates differences between
yearly trends, with less negative years correlating with warmer trends, thus influencing
the amount of precipitable water along the storm track and the 𝛿2H and 𝛿18O values. In
this study, while the isotopic data generally follow the NAO index values and the
backtracked storm trajectories, during certain times (such as spring 2000 and spring
2020), the NAO index and isotopic data do not precisely match the storm tracks. This is
not due to inaccuracy of the data; rather, these data indicate more localized processes,
such as rainout or re-evaporation of water along the pathway, while the storm trajectories
indicate larger-scale processes. As climate change progresses, a thorough understanding
of regional and local hydrological processes will be necessary for effective water
management. With the establishment and future refinement of LMWLs for the Kyiv and
Cherkasy regions, stable isotopes can be used to calibrate models of precipitation under
climate change, which is vital information for Ukraine.
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2.8

TABLES AND FIGURES FOR CHAPTER 2

Table 2.1: Historical and study-year average precipitation and temperature values.
Historical data from Ukrainian Hydrometeorological Center (Climatic data for Cherkasy for the period from 1899, 2012; Climatic data
on the city of Kyiv for the period from 1899, 2012).
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Kyiv

Cherkasy

Winter
Spring
Summer
Fall
Winter
Spring
Summer
Fall

Average Precipitation
1899-2012 (mm)
49
47
77
44
38
35
64
36

Average Precipitation
2020 (mm)
31
60
42
55
29
43
15
27

Average Temperature
1899-2012 (⁰C)
-3
9
19
9
-3
9
19
9

Average Temperature
2020 (⁰C)
2
9
20
11
4
12
22
13

Table 2.2: Monthly composite precipitation samples from Kyiv and Cherkasy.
Weighted precipitation samples from Kyiv. SD = standard deviation, ND = no data, NA =
not available.
Kyiv

Month
December 2019
January 2020
February 2020
March 2020
April 2020
May 2020
June 2020
July 2020
August 2020
September 2020
October 2020
November 2020
December 2020

δ2H (‰
VSMOW)

SD

δ18O (‰
VSMOW)

SD

ND
-113.4
-107.6
-64.5
-68.4
-68.9
-50.0
-37.6
-56.0
-41.9
-50.9
-96.1
NA

ND
0.1
0.2
0.2
0.2
0.1
0.1
0.2
0.3
0.3
0.3
0.3
NA

ND
-15.3
-14.5
-9.2
-10.3
-9.9
-7.5
-5.6
-8.7
-7.3
-8.1
-13.6
NA

ND
0.1
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.1
0.1
0.1
NA

Cherkasy

Monthly Composite Samples

δ2H (‰)

δ18O (‰)

-80.0
-11.4
-105.3
-14.5
NA
NA
-66.8
-9.5
-70.2
-10.6
-66.9
-9.6
-50.5
-7.5
-39.1
-5.8
-56.0
-8.7
-40.9
-6.8
-51.5
-8.3
-100.0
-14.2
-93.6
-12.6
Event Precipitation
Weighted

δ H (‰
VSMOW)

SD

δ18O (‰
VSMOW)

SD

δ2H (‰)

δ18O (‰)

ND
-101.0
-122.6
-69.5
-62.7
-53.6
-43.5
-42.3
ND
-36.0
NA
-63.7
-83.3

ND
0.1
0.3
0.0
0.2
0.0
0.1
0.2
ND
0.3
NA
0.2
0.3

ND
-13.8
-15.9
-9.0
-9.3
-8.1
-6.1
-5.9
ND
-5.2
NA
-10.0
-12.4

ND
0.1
0.1
0.1
0.1
0.0
0.0
0.1
ND
0.1
NA
0.1
0.1

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

2

Month
December 2019
January 2020
February 2020
March 2020
April 2020
May 2020
June 2020
July 2020
August 2020
September 2020
October 2020
November 2020
December 2020

Event Precipitation
Weighted

Monthly Composite Samples
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Table 2.3: Weighted 𝛿2H, 𝛿18O, and d-excess for Kyiv and Cherkasy for the year 2020,
separated into annual and seasonal values. Values are calculated from the monthly
composite samples and monthly precipitation totals.
Time Range

Weighted 𝛿2H
(‰)

Weighted 𝛿18O
(‰)

Annual 2020
Winter (D/J/F)
Spring (M/A/M)
Summer (J/J/A)
Fall (S/O/N)
Cherkasy Annual 2020
Winter (J/F)
Spring (M/A/M)
Summer (J/J)
Fall (S/N)

-65.0
-104.5
-68.4
-47.9
-50.4
-68.3
-119.8
-56.0
-43.3
-51.0

-9.5
-14.1
-9.9
-7.2
-8.2
-9.7
-15.6
-8.3
-6.0
-7.8

Location
Kyiv
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d-excess
(‰)
11.3
8.6
10.9
10.0
14.8
9.1
5.3
10.2
5.0
11.3

Table 2.4: Precipitation origin from backtracked trajectories for Kyiv (2000 and 2020) and Cherkasy (2020).
Multiple backtracked trajectories from the same fetch regions but following different paths were summed according to the fetch region
to obtain the percentage total.

Location

Kyiv

35
Kyiv

Season

North
Atlantic
%

Winter 2000

Continent
North of
Ukraine %

60

Continent
West of
Ukraine %

Continent
East of
Ukraine %

40

Total
Atlantic
Source
(%)

Total
Continental
Source (%)

60

40

Spring 2000

54

46

54

46

Summer 2000

70

30

70

30

Fall 2000

9

52

9

91

Winter 2020

70

70

30

Spring 2020

53

47

53

47

38

62

38

Summer 2020

Cherkasy

Norwegian
Sea %

39
30

62

Fall 2020

37

63

37

63

Winter 2020

80

20

80

20

Spring 2020

49

26

25

75

25

Summer 2020

34

24

42

58

42

Fall 2020

44

56

44

56
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Table 2.5: NAO index by month for the years 2000, 2019, and 2020
(Monthly mean NAO index since January 1950, 2021). December 1999 (1.61) was used
to calculate the Winter 2000 mean and December 2018 (0.61) was used to calculate the
Winter 2019 mean.

January
February
March
April
May
June
July
August
September
October
November
December

NAO Index
2000
0.6
1.7
0.77
-0.03
1.58
-0.03
-1.03
-0.29
-0.21
0.92
-0.92
-0.58

2019
0.59
0.29
1.23
0.47
-2.62
-1.09
-1.43
-1.17
-0.16
-1.41
0.28
1.2

2020
1.34
1.26
1.01
-1.02
-0.41
-0.15
-1.23
0.12
0.98
-0.65
2.54
-0.3

Seasonal Mean NAO
2000
2019

2020

Winter

1.30

0.50

1.27

Spring

0.77

-0.31

-0.14

Summer

-0.45

-1.23

-0.42

Fall

-0.07

-0.43

0.96
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Figure 2.1 Map showing general wind directions from the indicated fetch regions for the
year 2020
(cities with stable isotope data near the backtracked trajectory pathway noted in bold).
Inset shows a map of Ukraine showing monitoring locations mentioned in this study, with
the local meteoric water lines for each location shown on the right column. Inset
modified from Wang (2021), basemap modified from ESRI (The Ocean Basemap, 2018).
For Kharkiv, the most recent LMWL from the literature is listed, though LMWLs have
also been calculated in Vystavna et al. (2018) and Vystavna et al. (2019). [30] =
Dublyansky et al., 2018, [58] = IAEA/WMO, 2022, and [61] = Diadin & Vystavna, 2020.
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Figure 2.2 Monthly composite precipitation for Kyiv and Cherkasy along the preliminary
local meteoric water lines for Kyiv and Cherkasy.

Figure 2.3 Event precipitation for Kyiv along the global meteoric water line and the
preliminary local meteoric water line for Kyiv, with calculations based on event
precipitation.
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Figure 2.4 Kyiv cluster means using GDAS meteorological data for 2019-2020.
a) winter 2019-2020 (December, January, and February), b) spring 2020 (March, April,
and May), c) summer 2020 (June, July, and August), and d) fall 2020 (September,
October, and November). Each line, and its corresponding percentage, represents the
relative proportion of storms that follow that trajectory during the months listed.
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Figure 2.5 Cherkasy cluster means using GDAS meteorological data for 2020.
a) winter 2019-2020 (January and February), b) spring 2020 (March, April, and May), c)
summer 2020 (June, July, and August), and d) fall 2020 (September, October, and
November). Each line, and its corresponding percentage, represents the relative
proportion of storms that follow that trajectory during the months listed.
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Figure 2.6 Kyiv cluster means using GDAS meteorological data for 2000.
a) winter 2000 (February), b) spring 2000 (March, April, and May), c) summer 2000
(June, July, and August), and d) fall 2000 (September and November). Each line, and its
corresponding percentage, represents the relative proportion of storms that follow that
trajectory during the months listed.
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CHAPTER 3. VARIATION OF TAP-WATER ISOTOPE RATIOS AND MUNICIPAL
WATER SOURCES ACROSS KYIV CITY, UKRAINE

This is an Accepted Manuscript of an article published in Discover Water on 07
November 2022, available online: DOI 10.1007/s43832-022-00021-x

3.1

ABSTRACT
Stable isotopes of water allow researchers to examine water pathways and better

understand spatial and temporal variability in mixtures of municipal water sources. In
regions such as Kyiv (Ukraine), with a water supply that is vulnerable to the effects of
climate change, pollution, and geopolitical conflict, such understanding is critical for
effective water management. Trends in stable isotope values and water sources can
function as a confirmation of municipal data. Additionally, these data can provide an
early signal for the effects of climate change on these sources, reducing uncertainty from
physical measurements.
For this study, tap water, surface water, and groundwater were collected over 14
months in Kyiv and nearby Boryspil, Brovary, and Boyarka and measured for hydrogen
(𝛿2H) and oxygen (𝛿18O) stable isotopes. The stable isotope values from the tap water for
each district show a general seasonal trend in water sources, with more groundwater used
in the supply in the winter for most districts. Spatially, groundwater use increases from
south to north in the left-bank districts in Kyiv city and groundwater use generally
decreases from south to north in the right-bank districts. As precipitation patterns shift
and temperatures increase, the reliance on particular water sources may need to shift as
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well. Overall, 𝛿2H and 𝛿18O data provide a baseline expectancy for current water use
throughout the year and, from this, deviations can be assessed early.

3.2

INTRODUCTION
3.2.1

STUDY RATIONALE

Stable isotopes of water have been used to characterize evaporation of surface
water (Rock & Mayer, 2007; Yuan & Miyamoto, 2008; Trinh et al., 2017), groundwater
recharge (Jasechko et al., 2014; Vystavna et al., 2018a; Vystavna et al., 2019), seasonal
changes to streamflow (Yuan & Miyamoto, 2008; Trinh et al., 2017; Vystavna et al.,
2018a; Martinelli et al., 2004), and precipitation patterns (Vystavna et al., 2018a; Craig,
1961). Stable isotope ratios have also been used during tap-water surveys to characterize
input from complex water sources (Tipple et al., 2017; Fillo et al., 2021) and
spatial/temporal patterns in supply (Tipple et al., 2017; Jameel et al., 2016; de Wet et al.,
2020; Cole & Boutt, 2021). Numerous studies have incorporated stable isotopes of tap
water to investigate patterns of water sources and timing of these sources, from local and
regional to country-wide scales [e.g. Tipple et al., 2017; Jameel et al., 2016; de Wet et al.,
2020; Förstel et al., 1997; Bowen et al., 2007; Landwehr et al., 2014; West et al., 2014;
Zhao et al., 2017; Wang et al., 2018; Tian et al., 2020).
Tap-water surveys can identify changes to water sources with climate change and
confirm the mixture of these sources in the water supply. While many cities have welldocumented sources and timings of changes between sources, relying only on geospatial
analysis and field measurements can introduce uncertainty. Additionally, there can be
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significant water loss between the intake of water and delivery to individual homes.
Stable isotope analysis can delineate and quantify sources and mixtures based on the
collection of input samples (surface water and/or groundwater) and output samples (tap
water). Analysis of these samples can yield monthly, seasonal, or spatial patterns and can
help confirm or add information about water supply sources (Tipple et al., 2017).
Characterization of spatial and temporal patterns of water supply is critical,
especially in regions vulnerable to climate change (Tipple et al., 2017). In Ukraine, the
risk of widespread drought has increased (Skakun et al., 2016; Hauser et al., 2017) and it
is predicted, using Representative Concentration Pathway (RCP) scenarios and the global
climate model GFDL-ESM2M, that winter temperatures in northern Ukraine could rise
by 3.2°C by 2070 and by 5.0°C by 2100 (Safranov et al., 2016; Snizhko et al., 2020). As
climate change progresses there will likely be an impact on water resources in Kyiv, as
89% of the city’s water supply is from surface-water sources (the Dnipro and Desna
rivers) and 11% is from groundwater on average (Vasilenko et al., 2018). Furthermore,
changes in timing and amount of precipitation can lead to flooding or drought, affecting
the quantity and quality of water (Whitehead et al., 2009; Green et al., 2011). For a city
that heavily relies on surface water, it is critical to understand spatial and temporal
patterns in the municipal water supply.
For this study, tap water, groundwater, and surface water samples were collected
over a period of fourteen months in Kyiv (November 2019 through December 2020).
While studies exist that examine tap water against both groundwater and surface water,
these are more often regional or country-scale (e.g. West et al., 2014; Du et al., 2019;
Bowen et al., 2022) rather than metropolitan studies (e.g. Tipple et al., 2017; Jameel et
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al., 2016; Ueda & Bell, 2017; Shakya et al., 2022) which examine sources to sections of
the city and the surrounding regions in detail. Kyiv receives the majority of its water from
surface water sources and is also vulnerable to the effects of climate change (Strokal,
2021). Therefore, it is critical to understand current trends in the water supply and how
these may change in the future, specifically as increasing temperatures potentially shifts
the timing and amount of precipitation.
3.2.2

STUDY LOCATION

Kyiv, with a population of 2.9 million, is divided into ten administrative districts
(Desnianskyi, Dniprovskyi, Darnytskyi, Obolonskyi, Podilskyi, Sviatoshynskyi,
Shevchenkivskyi, Solomianskyi, Pecherskyi, and Holosiivskyi districts; Figure 3.1). The
population of each district varies from 163,672 in Pecherskyi to 384,616 in
Solomianskyi. The districts with a population above 300,000 are Desnianskyi,
Dniprovskyi, Darnytskyi, Obolonskyi, Sviatoshynskyi, and Solomianskyi. Districts with
a population between 200,000 and 300,000 are Podilskyi, Shevchenkivskyi, and
Holosiivskyi; Pecherskyi is between 100,000 and 200,000 (City Population, 2021).
Kyiv is located in the Forest-Steppe region (Semenova & Slizhe, 2020) and is
within zone Dfb of the Köppen-Geiger climate classification, which is humid with snowy
winters and warm summers (Kottek et al., 2006). Historically, the average temperature
for the warm season is 19°C and the cold season is 3°C (Ukrainian Hydrometeorological
Center, 2012) though in the year 2020 these temperatures increased (Avery et al., 2022).
Historically, the maximum precipitation occurs in July and the minimum in February,
with an average annual precipitation total of 651 mm (Ukrainian Hydrometeorological
Center, 2012). However, this also shifted in 2020, with the maximum occurring in May
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and the minimum occurring in November, with an annual precipitation total of 564 mm
(Avery et al., 2022).
The Dnipro River, one of the two rivers that supply surface water to the city water
supply, separates Kyiv into the right and left banks, with three districts (Desnianskyi,
Dniprovskyi, and Darnytskyi) on the left bank and seven (Obolonskyi, Podilskyi,
Sviatoshynskyi, Shevchenkivskyi, Solomianskyi, Pecherskyi, and Holosiivskyi) on the
right. Dams along the Dnipro River, notably the Kyiv and Kaniv dams in the vicinity of
the study area, create reservoirs (UNENGO “MAMA-86”, 2015). The average
temperature of the Dnipro River has increased, and winter ice cover and thickness have
decreased, after the construction of the Kyiv and Kaniv Reservoirs (north and south of
Kyiv city, respectively; Vyshnevskyi, 2020; Vyshnevskyi & Shevchuk, 2021). For water
supply from the Kyiv Reservoir there are two withdrawals per day during winter, one in
the morning and one in the evening, and only one in the evening during the summer
(Vyshnevskyi, 2020). The Desna River, the other surface water source for tap water in
Kyiv, meets the Dnipro River at the north of the city (Figure 3.1).
The ten districts in Kyiv use differing water source percentages between surface
water and groundwater to supply drinking water to the population via tap water. In the
city, the water supply is 339.6 million m3/hour. This includes both the sale of water
(283.1 million m3/hour, which includes 236.4 million m3/hour for the total population of
the city) and lost/unaccounted-for water (56.5 million m3/hour; Vasilenko et al., 2018).
As of 2013, the available groundwater for drinking and industrial water in the Upper
Dnipro River Basin was 1,137,990 m3/day (UNENGO “MAMA-86”, 2015).
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3.3

METHODS
3.3.1

SAMPLE COLLECTION

From November 2019 through December 2020, tap-water samples were collected
from each district in Kyiv, Ukraine and three cities in the Kyiv oblast (province)
(Boryspil, Boyarka, and Brovary). Cold water samples were collected after allowing the
faucet to run for at least 30 seconds to clear any standing water from the pipes.
Volunteers were recruited through students from National University Kyiv-Mohyla
Academy and were provided training in-person and via video; all sampling supplies were
provided. Samples were collected during the final week of each month, with the majority
on the final day or two of the month, and from the same locations each month when
possible (some disruptions occurred due to COVID-19 restrictions). Any changes in
locations were noted and considered when calculating the isotopic average and
percentage contributions from sources.
Groundwater samples were collected most months from public water wells
located in each district. Only wells with stable groundwater isotopic signals were used
since an unstable signal indicates potential leaks in the pipes leading from underground.
Stability was defined as remaining within ranges of 4.5‰ and 0.65‰ for δ2H and δ18O,
respectively, though most locations were well below these thresholds. More than one well
from each district was sampled throughout the year when possible and locations where
the isotopic signal was not stable were discarded. If both locations were stable, then both
locations were included in the dataset. Wells were in constant use immediately before
collection so standing water in the pipes should not have been an issue.
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Surface-water samples were collected each month from the Dnipro and Desenka
Rivers. During the months of March, May, and June the sample location was changed
due to COVID-19 restrictions and disruptions to public transit. Most months samples
were collected with weighted bottles from the middle of the river at Pivnichnyi Bridge. In
March, May, and June, samples were collected by wading approximately 3 meters from
the banks at Park Bridge (Dnipro River only). Sample locations are shown on Figure 3.1.
All samples were collected in 40- to 60-mL HDPE bottles, sealed with Parafilm,
and stored in a refrigerator until analysis except during transport from Ukraine to the
United States.
3.3.2

STABLE ISOTOPE ANALYSIS

Samples were analyzed at the University of Kentucky using a Los Gatos T-LWIA45-EP liquid water isotope analyzer. All water samples were first filtered with sterile 0.45μm filters. Samples were then injected via autosampler nine times, with the first four
injections ignored to mitigate between-sample memory effects. The raw hydrogen and
oxygen isotopic data were then normalized to the VSMOW-SLAP (Vienna Standard Mean
Ocean Water-Standard Light Antarctic Precipitation) scale using two different certified
standards with contrasting isotopic values: USGS49 Antarctic Ice Core Water
(δ2HVSMOW-SLAP = –394.70‰, δ18OVSMOW-SLAP = –50.55‰; Lorenz et al., 2016)
and USGS50 Lake Kyoga Water (δ2HVSMOW-SLAP = +32.80‰, δ18OVSMOW-SLAP
= +4.95‰; Coplen et al., 2015). Multiple in-session measurements of a third standard,
USGS45 Biscayne Aquifer Drinking Water (δ2HVSMOW-SLAP = –10.30‰,
δ18OVSMOW-SLAP = –2.24‰; Lorenz et al., 2014) were used to evaluate the precision
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and accuracy of the isotopic data, with a long-term standard deviation of 0.16 ‰ for δ2H
and 0.08 ‰ for δ18O over 120 analyses.
3.3.3

WATER SOURCE PERCENTAGE CALCULATION

Using IsoSource (US Environmental Protection Agency, 2022), all possible
percentages of contributions to tap water from groundwater, the Dnipro River, and the
Desenka River (which receives water from the Desna River) were calculated based on the
𝛿2H and 𝛿18O values from the input (groundwater and the river samples) and the output
(tap water samples from each district). This was repeated for each district each month of
the year 2020. IsoSource calculates the source contributions through a linear mixing
model. The contributions are calculated in increments designated by the user (in this
study 1%) and the calculated contributions sum to 100%. IsoSource will report all
calculated contribution percentages that fall within the mass balance tolerance, so
multiple possible solutions may be reported. Since all solution combinations are equally
likely, it is common practice to report all the possible solutions as a range (Hopkins III &
Ferguson, 2012), as in this study.
Data were not available detailing the depth of groundwater collection or supply in
any district. To account for this unknown, both high and low groundwater isotope values
were used each month for the entire right bank and the entire left bank. This means that
the highest and lowest groundwater isotope value for the left bank was used for
contribution calculations for Desnianskyi, Dniprovskyi, and Darnytskyi districts and the
highest and lowest groundwater isotope value for the right bank was used for contribution
calculations for Obolonskyi, Podilskyi, Sviatoshynskyi, Shevchenkivskyi, Solomianskyi,
Pecherskyi, and Holosiivskyi districts.
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IsoSource was also used to estimate the percentages of contributions to the Dnipro
River from groundwater and precipitation for each month of the year 2020. Stable isotope
values of groundwater from the Podilskyi and Dniprovskyi districts were used as the
groundwater inputs since these were the districts nearest to the river sampling location.
3.3.4

MEAN TRANSIT TIME ESTIMATION

Because groundwater contributes to the flow of the Dnipro River, it is necessary
to consider the importance of this contribution with the possibility of future stress on
water resources due to climate change. To use the isotopic data in IsoSource, it was first
necessary to calculate mean transit time to determine the time period for which
precipitation data should be selected. For instance, if the mean transit time is 6 months,
then precipitation data from 6 months prior to the collection of the groundwater and
Dnipro River data was used as an input.
Due to the last hydrograph data available for this region being from 2015
(Obodovskyi et al., 2020), mean transit time has been estimated only. Mean transit time
for the Dnipro River was estimated using the stable isotope values from precipitation and
river water, along with a hydrograph from 2015 downstream from Kaniv Reservoir south
of Kyiv (Obodovskyi et al., 2020), using methods from Dosa et al. (2011). To calculate
mean transit time from the stable isotopes, the equation used is
√
𝜏𝑟 =

1
−1
𝑓2
2π

where τr is mean transit time in years and f is the amplitude damping. Amplitude
damping, f, is found from the amplitude of 𝛿18O in runoff divided by the amplitude of

50

𝛿18O in precipitation. To calculate mean transit time from the hydrograph, the equation
used is
𝜏𝑐 =

2𝑡𝑟 𝜆
𝑒
𝐿

where τc is mean transit time, tr is the total hydrograph recession time, L is the maximum
flow path length, and eλ is the topographic index. The total hydrograph recession time, tr,
and the maximum flow path length, L, were estimated from Figure 3.2 of Obodovskyi et
al. (2020). The topographic index, eλ, was estimated from the slope at Hidropark (0 to
8%) given in Pozharska (2021) and a catchment area of 90,090 km2 at Kyiv Reservoir,
taken from the River Basin Management Plan (UNENGO “MAMA-86”, 2015).

3.4

RESULTS
3.4.1

STABLE ISOTOPES

For the ten districts and three cities where tap-water samples were collected,
stable isotope values ranged from -87.9‰ to -55.8‰ for 𝛿2H and from -12.1‰ to -7.3‰
for 𝛿18O (Figures 3.2–3.3; Appendix 7). Generally, for all districts and the city of
Brovary, stable isotope values were the most negative in the winter and spring and the
least negative in the summer and fall. The exception to this trend is the isotope values of
the tap water from the Desnianskyi district, which were most negative in winter and fall
and the least negative in spring and summer. For the districts of Darnytskyi, Pecherskyi,
and Holosiivskyi, lower coverage meant that some seasons did not have enough samples
to calculate averages. However, both Darnytskyi and Pecherskyi had enough samples to
calculate three of the seasons, with winter the most negative and summer the least
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negative. The cities of Boryspil and Boyarka were seasonally invariant due to tap water
being supplied by groundwater at the location sampled.
Stable isotope values from surface water collected in Kyiv ranged from -73.2‰ to
-57.6‰ and -63.2‰ to -58.2‰ for 𝛿2H and from -10.2‰ to -7.4‰ and -8.2‰ to -7.5‰
for 𝛿18O from the Dnipro River and Desenka River, respectively (Appendix 8). Surface
water samples collected from the Dnipro River in Cherkasy (~190 km south of Kyiv) had
similar stable isotope values, from -70.5‰ to -56.3‰ for 𝛿2H and from -9.8‰ to -7.2‰
for 𝛿18O. Groundwater collected from each district showed relatively consistent isotope
values throughout the year. These values ranged from -89.5‰ to -71.2‰ for 𝛿2H and
from -12.2‰ to -9.6‰ for 𝛿18O (Appendix 9). While stable isotope values from the
groundwater plot near the global meteoric water line (GMWL), similar to the
precipitation samples (Figure 3.2), those from the tap water and surface water samples
plot below the GMWL, indicating alteration of the original isotopic signal by evaporation
(Gat et al., 2001).
3.4.2

SOURCE CONTRIBUTIONS TO TAP WATER

Calculated source contributions to tap water, determined using the IsoSource
mixing model, are compiled in Table 3.1. This study does not consider loss or addition of
water during travel through the piping system. The contribution of groundwater to tap
water from each district generally was the highest in the fall and winter months, with the
highest contribution from surface water in late spring and summer. For this study, a
majority contribution is considered at least 67%. Since there can be large ranges of
possible contribution percentages, a 2/3 majority was chosen to indicate a clear
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groundwater or surface water signal rather than simply anything over half. A majority
contribution from surface water is more typical than a majority contribution from
groundwater for nearly all districts, which is expected due to a higher reliance on surface
water as a drinking water resource in this region. Incidences of majority contributions
from groundwater or surface water are identified with bold numbers in Table 3.1. Two
notable exceptions were tap water from Sviatoshynskyi with a majority contribution from
surface water for the entire year and Desnianskyi with no clear majority contribution
throughout the year (Table 3.1). Pecherskyi and Holosiivskyi districts did not have
enough samples collected to make detailed observations for the entire year.
3.4.3

DNIPRO RIVER MEAN TRANSIT TIME

River transit times are necessary to quantify the groundwater and precipitation
contributions to surface waters and to attribute the correct isotope value to source
calculations. The mean transit time estimated at Kaniv through isotope versus hydrograph
methods varies, with the stable isotope values resulting in approximately 6-month transit
times, while hydrographs estimated 9 months. The discrepancy between the two methods
is normal, as the hydrograph method depends on the interpreted length of the falling limb
of the hydrograph (Dosa et al., 2011). Because the estimate in this study used a different
year and location (south of Kyiv rather than north of Kyiv) for the hydrograph method
based on available data at the time of publication, this discrepancy is expected. For
instance, in Dosa et al. (2011), the isotope method and the hydrograph recession method
could have a difference of up to 30 months using the longer hydrograph recession
interpretation or up to 10 months using the shorter hydrograph recession interpretation. In
this study, the shorter hydrograph recession interpretation was used to estimate the 953

month mean transit time, while a longer hydrograph recession interpretation yielded a
mean transit time of 13 months for the Dnipro River.
Additionally, as only one year of stable isotope values for precipitation exists for
Kyiv, this presented more uncertainty for estimating precipitation contribution to the river
in the first half of 2020 (since data from 2019 do not exist). For the purpose of this
estimation, it was assumed the stable isotope values of precipitation for 2019 would be
similar to the results collected in 2020. While significant interannual variation in values is
possible (Gat et al., 2001), our estimation yielded similar results to the groundwater
contribution percentage stated in the River Basin Management Plan (UNENGO
“MAMA-86”, 2015). This supports the use of 2020 data as a proxy for 2019, at least
within the objectives and resolution of this study.

3.5

DISCUSSION
3.5.1

TEMPORAL AND SPATIAL PATTERNS

In general, districts on the left bank used a higher percentage of groundwater
during the year, though temporal patterns were similar to districts on the right bank (for
instance, higher percentage of groundwater use in the winter and a lower percentage of
groundwater use in the summer). This pattern also varied spatially, with Desnianskyi
district generally using the highest percentage of groundwater and Darnytskyi using the
lowest percentage of groundwater on the left bank. Desnianskyi district’s large
contribution from groundwater is also indicated in the temporally different pattern in the
stable isotopes from tap water, which are most negative in winter and fall. This agrees
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with the timing of the greatest contribution of groundwater to the tap water, since, across
Kyiv, the isotope values in the groundwater are more negative than those in the surface
water during the entire year. The other districts more closely follow the precipitation
trend of most negative stable isotope values in winter and spring and least negative in
summer and fall. The tap water from these districts also receives more surface-water
contributions throughout the year as compared to Desnianskyi district.
There is both more temporal and spatial variability on the right bank, including
seasonal variability in surface versus groundwater sources. With the exception of
Pecherskyi, all districts on the right bank use a lower percentage of groundwater than
those on the left bank. Obolonskyi, Podilskyi, and Sviatoshynskyi have the greatest
surface water contribution, with <10% groundwater contribution percentage at least half
the year (Figure 3.4, Table 3.1). However, the groundwater contribution in these districts
increases up to 76% briefly during the fall or winter. Tap water from Shevchenkivskyi
district also shows a strong influence from surface water (Figure 3.4, Table 3.1), but with
a more consistent groundwater signal of more than 10% for most of the months of the
year. Neighboring Solomianskyi shows the expected pattern of higher percentage of
groundwater contribution in the winter with a gradual decrease in percentage to the
summer and then a gradual increase again leading into fall and winter. The percentage
pattern is similar to that of the districts on the left bank (Figure 3.4, Table 3.1). Spatial
patterns on the left bank show a decrease in reliance on groundwater from north to south,
while the opposite is generally true for the right bank. However, due to COVID-19induced difficulties in travel, samples for Pecherskyi and Holosiivskyi districts were only
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collected in the first half of the year, so the most southern portions of the right bank are
not included in this assessment.
Outside of Kyiv city and the study boundary, but within Kyiv oblast, tap water
from Boryspil and Boyarka were seasonally invariant, consistent with a groundwater
source. These samples came from sampling locations with a groundwater well, not
municipal tap water, and were excluded from analysis trends. However, isotope values of
tap water from Brovary showed a similar pattern to those from Desnianskyi district.
While groundwater samples were not collected from Brovary, it is expected that, based
on the stable isotope values and the city’s proximity to the district, groundwater and
surface water percentages would be similar to those of Desnianskyi district.
The stable isotopes of the groundwater samples also showed some slight spatial
patterns, with more enriched 2H and 18O values in groundwater samples collected from
districts generally in the northern portion of the city and mostly along the Dnipro River. It
is possible that the proximity to the river and the Kyiv reservoir could influence these
values if river water is infiltrating into the aquifer. However, groundwater from Boyarka
had similar stable isotope values to those from Obolonskyi, Pecherskyi, and Dniprovskyi,
despite its location approximately 20 km from the Dnipro River. Locations with
groundwater samples that were more depleted in 2H and 18O were generally in the
southern portion of the city and/or farther from the Dnipro River. These patterns occurred
both on the right and left bank, though the elevation ranges from 89 to 208 m above sea
level (asl; Avery et al., 2022), with the right bank being higher elevation than the left.
While it is possible that the Dnipro River influences groundwater in the districts nearby,
based on the similarity of groundwater from Boyarka, it is likely that the main driver of
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differences in stable isotope values among the groundwater samples is retrieval from
different depths. However, as it was not possible to determine the depths of the public
wells, this cannot be certain and should be determined in future studies in this area.
The data collected improve our understanding of water use at a seasonal and/or
oblast scale, particularly since this information was not publicly available at the time of
this study, while highlighting regions more susceptible to changes in water supply. The
Dnipro and Desna Rivers rely on runoff from snow and precipitation each year, as well as
contribution from groundwater (Figure 3.5). As climate change progresses and the timing
and amount of precipitation shift (Avery et al., 2022), water managers may have to adjust
the timing and amount of surface water used in each district. Since shifts in precipitation
patterns will also affect the timing and amount of recharge to groundwater (Bowen et al.,
2022), stable isotope analysis of inputs and outputs to the municipal water supply can
provide critical early warning of changes that physical measurements could take longer to
identify due to uncertainties (Tipple et al., 2017).
In Kyiv, the effects of climate change have already become apparent. Boychenko
et al. (2016) analyzed long-term meteorological data for the past 100 to 130 years from
25 stations across Ukraine. Those authors found that the annual temperature had
increased by 1.0 ± 0.2 ⁰C per 100 years in the northern and northeast regions, and that
there has been an increase in cold-season temperature of 1.0–2.0 ⁰C per 100 years and a
decrease of 10–15 % in annual precipitation for the northern and northwest regions.
Besides rising air temperatures and changes in precipitation patterns, the average
temperature of the Dnipro River has also increased and winter ice has decreased
(Vyshnevskyi, 2020). The thinning and disappearance of winter ice coincides with the
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timing of the highest groundwater withdrawals for the majority of the districts. As the ice
continues to decrease, this could make more surface water available in the winter. The
potential shift in timing of surface water availability may require less adjustment from
districts that commonly use more surface water throughout the year if this increases
availability in the winter.
For the Dnipro and Pripyat river basins, under Representative Concentration
Pathway (RCP) 2.6, mean annual discharge is predicted to decrease by as much as 20%
for both 2041–2070 and 2071–2100, though the Desna river basin shows a lesser change
(from -10% to +6%) during these same time periods. Under RCP 8.5, mean annual
discharge is projected to decrease nearly 25% for the Dnipro River and more than 25%
for the Pripyat River, while the Desna River is expected to have either a very small
positive change or no change. The decrease predicted for the Dnipro and Pripyat rivers is
expected for the entire year, except in some cases during February–March (Didovets et
al., 2020), which means that there may be some adjustment in using the Dnipro for a
municipal water source. As less surface water is available for use, districts that rely more
on this source year-round, such as Sviatoshynskyi, may need to utilize more groundwater.
Both these scenarios illustrate the potential danger in favoring a single water source as
climate change progresses in the region.
3.5.2

SIMILAR STUDIES IN UKRAINE AND
WORLDWIDE

Stable isotopes of tap water have been studied in another region of Ukraine
(Kharkiv). The water supply of this city differs from Kyiv in that tap water comes almost
exclusively from surface water, while groundwater is a drinking water source in addition
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to tap water (Vystavna et al., 2019). In one study at this location, 𝛿2H, 𝛿18O, and chloride
were used to investigate leaks from drinking water and sewage infrastructure. The
authors found that urban groundwater was more enriched in 2H and 18O than rural
groundwater, and that surface water sources were more enriched in both isotopes than
both groundwater sources. Isotopic enrichment of urban groundwater was attributed to
infiltration of precipitation and water of other origins, such as leaking infrastructure
(Vystavna et al., 2018b). Further studies have continued to investigate this anthropogenic
recharge to the groundwater, including identifying sewage source types (Vystavna et al.,
2019).
Like Kharkiv, Kyiv is an urban environment, and it is possible that similar
processes are occurring in both locations. In this study it was also observed that 2H and
18

O values of surface water were more enriched than those of the groundwater. In

general, the enrichment seen in the 2H and 18O values is likely mainly controlled by
evaporation from both the reservoir and the more warm/dry (compared to historical
values) years of 2019-2020 (Avery et al., 2022). Additionally, in drier conditions with
intensive evaporation, it is possible that precipitation will not be as effective in
recharging groundwater (Diadin & Vystavna, 2020). Since the drier, hotter months are
when the precipitation shows a more enriched 2H and 18O signal (Avery et al., 2022), it
could be also that the groundwater is not receiving as much of this signal. Finally, the
urban setting does present some other possibilities. According to the River Basin
Management Plan (UNENGO “MAMA-86”, 2015), wastewater is discharged into the
Dnipro River. The mixing of wastewaters and river waters can also lead to some of the
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observed enrichment of 2H and 18O in the surface water (Vystavna et al., 2018a; De
Bondt et al., 2018).
In the USA, Tipple et al. (2017) were able to identify not only unique sources to a
municipal water supply but also changing of sources over time in the San Francisco Bay
area (California), which contains numerous municipalities and different water districts.
Similarly, in the Salt Lake Valley region (Utah), Jameel et al. (2016) compared municipal
water sources for different water districts and noticed a trend towards evaporation over
the 3-year study period. Both studies showed temporal and spatial patterns of stable
isotopes in tap water, depending on the sources to the water supply, and in the case of
surface water sources, seasonal patterns. In Kyiv there is also a temporal and spatial trend
in the stable isotopes of tap water, which connected with the changing percentages of
surface water and groundwater in the districts’ municipal water supplies.
In the Qinghai-Tibet Plateau (China), Du et al. (2019) found that the stable
isotope values of tap water could indicate particular sources in the case of a mixed water
supply. The stable isotope values of tap water showed spatial patterns across the region
and indicated a dominant surface water signal. In the region supplied primarily by
groundwater, stable isotope values of tap water did not show seasonal variation. In
contrast, in the neighboring region supplied primarily by surface water, seasonal variation
was observed in the stable isotope values of the tap water.
In South Africa, West et al. (2014) found that the stable isotopes of tap water and
groundwater provided spatial patterns that could be predicted by a geostatistical model.
The stable isotope values for tap water were similar to those of groundwater or showed
an influence of recent precipitation or evaporation of the water source during
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storage/transport. This study provided a baseline for a region that has not had tap water
surveys performed before, as is the case in the current study.
3.5.3

GROUNDWATER CONTRIBUTION TO THE
DNIPRO RIVER

A mean transit time of 6 to 9 months is used to interpret percentage of
precipitation and groundwater contributions to the Dnipro River in Kyiv. For 6-month
and 9-month mean transit times, the yearly contribution is estimated at 30% and 23%,
respectively. The River Basin Management Plan (UNENGO “MAMA-86”, 2015) reports
that groundwater contribution to the upper Dnipro River is 27%, consistent with the
estimated range from this study. Estimated groundwater contributions to the Dnipro River
for both 6-month and 9-month mean transit times are greatest in the winter months, when
there is typically ice cover on the river. The greatest groundwater contribution comes in
December, at 60% and 51% for the 6-month and 9-month calculations, respectively.
Generally, in most districts (except for Sviatoshynskyi), winter and fall are the
seasons with the highest ratio of groundwater in the water supply. These are also the
times when the groundwater contribution percentage to the Dnipro is the highest. As
climate change progresses and winter ice cover continues to decrease (Vyshnevskyi,
2020), the timing of maximum and minimum precipitation amounts may shift, and the
total yearly precipitation amount may shift (Avery et al., 2022). Consequently,
groundwater withdrawals for the municipal water supply could affect the flow of the
Dnipro. Furthermore, if the discharge of the Dnipro River decreases as predicted by
Didovets et al. (2020), the river may depend more upon the groundwater contribution.
While the estimated percent contribution of groundwater to the Dnipro River during this
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time agrees with previous findings, continued unpredictable precipitation may begin to
impact this percentage.

3.6

CONCLUSIONS
Tap-water surveys have been increasingly used to identify spatial and temporal

patterns in municipal water sources. In Kyiv, where most of the city’s water comes from
two rivers that are vulnerable to influences from climate change and pollution (Nazarov
et al., 2000; Nazarov et al., 2004), understanding the reliance on these sources in the
context of climate change is critical. As the air and Dnipro River temperatures are
increasing and the timing and amount of precipitation are already shifting, early
preparation for disruption in water resources is necessary for effective water
management.
The stable isotope values for tap water collected from November 2019 through
December 2020 show a general seasonal trend for most of the districts, with more
negative isotope values in the winter and less negative values in the summer. These
patterns follow the general trends of the isotopic values from precipitation, though the
actual numbers show a clear addition of groundwater. The groundwater percentage
contribution also follows this general trend, with a higher percentage of groundwater
used in the winter and a lower percentage in the summer for most of the districts. There is
also a clear spatial trend, with a higher percentage of surface water used in the districts on
the right bank and a lower percentage used in the districts on the left bank. Furthermore,
there is a north-to-south trend on each bank, with the northern districts on the right bank
using a higher percentage of surface water, while the northern districts on the left bank
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use a lower percentage of surface water. As climate change progresses, this can affect
both the quantity and quality of surface water and groundwater, making it critical to
assess sources of municipal water continually. Stable isotope ratios in tap water and the
source waters provide a way to assess changes to the sources, reduce the uncertainty
associated with physical measurements, and adapt the water supply accordingly. Samples
from a finer geographical scale and across a longer temporal range will be necessary to
confirm and expand on this dataset and to examine spatial and temporal variation within
each district.
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3.8

TABLES AND FIGURES FOR CHAPTER 3

Table 3.1 Percentage groundwater and surface water contribution to district tap water by
month.
Majority contribution (above 67%) is noted in bold italics. At times there may be
multiple unique solutions in IsoSource and these are reported as a range of values (e.g.
60-66% groundwater contribution for Desnianskyi district in January 2020).
District
Desnianskyi

Dniprovskyi

Darnytskyi

Obolonskyi

Month
Groundwater (%)
Dec-19
74
Jan-20
60-66
Mar-20
100
Apr-20
46-51
May-20
16-20
Jun-20
14-20
Jul-20
59-62
Aug-20
51
Sep-20
62-66
Oct-20
62-66
Nov-20
63-71
Dec-20
95-100
Dec-19
42-43
Jan-20
35
Feb-20
34
Mar-20
20-23
Apr-20
36-41
May-20
25-28
Jun-20
3-6
Jul-20
8
Aug-20
17-24
Sep-20
50-52
Oct-20
36-57
Nov-20
50
Dec-20
41
Feb-20
50-51
Jul-20
0
Aug-20
12-17
Sep-20
46-49
Oct-20
35-39
Nov-20
36
Dec-20
41
Jan-20
67-72
Mar-20
37-43
Apr-20
0
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Surface Water (%)
26
34-40
0
49-54
80-84
80-86
38-41
49
34-38
34-38
29-37
0-5
57-58
65
66
77-80
59-64
72-75
94-97
92
76-83
48-50
43-64
50
59
49-50
100
83-88
51-54
61-65
64
59
28-33
57-63
100

District

Month
Groundwater (%)
May-20
0
Jun-20
2-5
Jul-20
0
Aug-20
0
Sep-20
9-12
Oct-20
5-9
Nov-20
0
Dec-20
0-3
Podilskyi
Dec-19
56
Jan-20
1
Feb-20
72
Apr-20
5-10
May-20
0
Jun-20
6
Jul-20
0
Sep-20
0
Oct-20
76
Nov-20
51-52
Dec-20
0
Sviatoshynskyi
Dec-19
0-2
Jan-20
0
Apr-20
0
Jun-20
5
Jul-20
0
Aug-20
0
Sep-20
4
Oct-20
0
Nov-20
4
Dec-20
0-3
Shevchenkivskyi
Dec-19
33
Jan-20
40-47
Feb-20
7-15
Mar-20
11
Apr-20
0
May-20
0-6
Jun-20
4
Jul-20
0
Aug-20
8-9
Sep-20
39
Oct-20
34-52
Nov-20
37
Dec-20
86-87
Solomianskyi
Jan-20
48-59
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Surface Water (%)
100
95-98
100
100
88-91
91-95
100
97-100
44
99
28
90-95
100
94
100
100
24
48-49
100
98-100
100
100
95
100
100
96
100
96
97-100
67
53-60
85-93
89
100
94-100
96
100
91-92
61
48-66
63
13-14
41-52

District

Month
Groundwater (%)
Feb-20
42
Mar-20
38-41
Apr-20
68
May-20
65-66
Jun-20
8-15
Jul-20
10-13
Aug-20
12-14
Sep-20
30-33
Oct-20
39-44
Nov-20
44-53
Dec-20
76-99
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Surface Water (%)
58
59-62
32
34-35
85-92
87-90
86-88
67-70
56-61
47-56
1-24

Figure 3.1 Study location.
Kaniv Reservoir and its dam (not pictured) are located approximately 50 km and 85 km
south of Kyiv city, respectively (or within and 9 km south of Kyiv oblast, respectively).
Tap water sampling locations are shown by blue circles, groundwater sampling locations
by green squares, precipitation collection locations by purple triangles, and river
sampling locations by orange diamonds. On the inset map, reservoir locations along the
Dnipro River are indicated by a gray circle and a number (1 for the Kyiv reservoir and 2
for the Kaniv reservoir). Vibrant basemap from Nelson (2021) and district shapefile from
R. Hijmans. Inset from ESRI (World ocean basemap, 2020).
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Figure 3.2 Stable isotope (δ2H and δ18O) values of tap water.
In the upper right, δ2H and δ18O values of tap water, precipitation, groundwater, and
surface water are plotted against the global meteoric water line (GMWL; Craig, 1961)
and local meteoric water line (LMWL; Avery et al., 2022) for Kyiv. At the upper left and
lower right, the δ2H and δ18O values, respectively, are shown in histograms for the tap
water samples.
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Figure 3.3 Spatial and temporal patterns of 18O of tap water samples.
District shapefile from Hijmans (2015) and dark gray canvas basemap from ESRI (2021).
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Figure 3.4 Percent range of surface water contribution to tap water each month by
district.
The width of the line represents the range of possible contribution percentages given by
IsoSource (for instance, a wider line represents a larger range of possible contribution
percentages, while a thin line represents fewer possibilities).

Leaking Infrastructure
56.5 million m 3 hour *

City Municipal Water
339.6 million m

3

hour total *

Average precipitation
651 mm year **
Waste water
(total unknown)
Evaporation
(total unknown)

Average
contribution
89 *

Average
contribution
11 *

Desna River
Dnipro River
Average discharge 7,000 m 3 s***
Mean Transit Time 9 months

Average discharge
1,930 m 3 s ****
Contributes to

23

Groundwater
to 30

of effluent

1,137,990

m3

day available

Recharge
***

Figure 3.5 Schematic of sources to Kyiv water supply.
*Vasilenko et al., 2018; **Ukrainian Hydrometeorological Center, 2022; ***UNENGO
“MAMA-86”, 2015; ****Osypov et al., 2018
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CHAPTER 4. COMPARING CHANGES TO TRANSIENT STORAGE WITH
STREAM RESTORATION TECHNIQUES USING PAIRED CONSERVATIVE
AND REACTIVE TRACERS

4.1

ABSTRACT
Many stream restoration projects are undertaken to increase water residence times

and create environments for contaminant degradation. While conservative tracers are
regularly used to characterize stream flow and storage, they cannot identify if the water in
the stream has entered the hyporheic zone. Additionally, direct comparisons of which
restoration technique best achieves these goals are limited. This study coupled
conservative and reactive tracers to characterize both adsorption and transient storage in
an urban stream pre- and post-restoration. These restoration techniques were sequentially
implemented downstream: a regenerative design, a single channel with stabilized banks,
and a braided channel with a riparian wetland.
We found that each restoration technique increased transient storage when
compared to the pre-restoration conditions. This was measured using sodium bromide, a
conservative tracer, coupled with the reactive tracer resazurin (Raz). While storage for
both the regenerative design and the single channel design included adsorption and
transient storage, the single channel design yielded lower average tracer concentrations
over a longer period, indicating a higher capacity for solute retention. The multi-channel
design had the primary control of transient storage, with the highest indicated capacity for
solute retention of the three restoration types. However, as the restoration styles were in a
sequential order, it is possible that storage and adsorption from previous sections could
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also affect concentrations recovered downstream. Interestingly, post-restoration most Raz
and its derivative resorufin (Rru) were absorbed to fine sediment and organic matter, a
process confirmed by laboratory batch experiments. This study highlights that a coupled
tracer approach can provide information on both transient storage and adsorption,
providing a clearer assessment of subsurface stream improvements.

4.2

INTRODUCTION
Stream restoration projects are increasingly including pre- and post-restoration

monitoring to better assess the impact of intervention (Buchanan et al., 2014). However,
because long-term monitoring after restoration is still limited, there is a lack of
standardized monitoring procedures and techniques (Klein et al., 2007; Schiff et al.,
2011; Buchanan et al., 2014). In addition, because of the variety of stream restoration
techniques, standardization of post-restoration monitoring can be challenging. Certain
restoration techniques such as the reopening of closed side-channels and removing
boulders and cobbles from the streambanks may increase the extent of the riparian zone
and can limit contaminant influxes to the stream (Zhang et al., 2016, Hasselquist et al.,
2017). Others, such as placing structures in the streambed or increasing helophyte root
structure in the hyporheic zone, may increase transient storage zones to slow water
movement through the channel to promote nutrient cycling (Herzog et al., 2018;
Nikolakopoulou et al., 2018), decrease sediment size in the streambed to promote
sorption and burial of phosphorus (Hsieh et al., 2007), or employ a combination of
techniques.
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Stream restoration projects often aim to improve water quality and in-stream
habitat (Kasahara & Hill, 2007; Klocker et al., 2009) by increasing hyporheic-zone
residence time, streambed hydraulic conductivity, conditions for denitrifying bacteria,
and dissolved oxygen (DO) concentrations (e.g. Kasahara & Hill, 2007; Klocker et al.,
2009; Herzog et al., 2016). Few studies have used reactive tracers in the field to assess
the effectiveness of restoration at achieving the above goals, despite their sensitivity to
these variables (e.g. Klocker et al., 2009; Harvey et al., 2013; Newcomer Johnson et al.,
2014). Use of conservative tracers, which can indicate changes in transient storage and
flow rates, is more common (e.g. Toran et al., 2013; Rana et al., 2017; Marttila et al.,
2018; Ward et al., 2018; Bakke et al., 2020).
Reactive tracers are used to assess nutrient metabolism in various compartments
(hyporheic zone, lateral/groundwater, and water column) of a stream (Argerich et al.,
2011a). In particular, resazurin (Raz, C12H7NO4) has been used to identify biological
hotspots (Haggerty et al., 2008, 2009; González-Pinzón et al., 2012, 2014; GonzálezPinzón & Haggerty, 2013; Knapp et al., 2018). Raz is a weakly fluorescent dye that is
irreversibly converted to the more fluorescent resorufin (Rru, C12H7NO3) via aerobic
respiration (Haggerty et al., 2009). Raz has been used in column and flume experiments
(Haggerty et al., 2008; Herzog et al., 2018) and in limited field studies (Knapp et al.,
2018). Conversion to Rru is about three orders of magnitude greater in the hyporheic
zone than in the stream (Herzog et al., 2018). Rru can be reduced to hydroresorufin in
anoxic environments, though this transformation is reversible with exposure to oxygen
(Haggerty et al., 2008).
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In this study, we utilize Raz, and its derivative Rru, along with a conservative tracer
(bromide, as NaBr) to quantify post-restoration changes in transient storage and lateral
water movement along a small urban stream in central Kentucky. Our objective was to
test the effectiveness of paired conservative and reactive tracers for three distinct
restoration techniques (regenerative, natural channel, and braided designs). These designs
typically aim to decrease stream velocity and increase residence time, but it is still
uncertain to what degree stream restoration can impact nutrient retention between storm
events (Lin et al., 2021). To assess post-restoration changes to flow paths and residence
time without the influence of stormflow input to the stream, pre- and post-restoration
measurements of tracer concentrations in the stream, hyporheic zone, and riparian
groundwater are compared to batch experiments to assess the behavior of Raz as a
reactive tracer at baseflow. This study provides a framework for informing decisions on
potential restoration techniques to achieve lateral connectivity and increase hyporheic
flow and residence time.

4.3

METHODS
4.3.1

STUDY AREA AND STREAM RESTORATION
DESIGN

The study site is a first-order perennial tributary (38.015889 N, 84.498867 W) to
West Hickman Creek on the University of Kentucky campus in Lexington, adjoining a
residential neighborhood and a softball field (Figure 4.1). Stormwater can enter the
stream via overland flow from a roadway, which parallels the stream on the west, an
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arboretum to the west, and a baseball stadium to the north. At this location, the soil
(Maury silty clay loam, Newark silt loam, and Lawrence silt loam (USDA, 2021) is
underlain by Lexington Limestone and Garrard Siltstone (KGS, 2019), with a depth to
water ~ 0.76 to 0.91 m below ground surface (bgs) and a depth to bedrock of ~ 1.83 m
bgs. The stream is located in a relatively flat area (the stream slope is approximately 1–
2% at the steepest point, but less than 1% at others) and the pre-restoration channel had
been straightened and incised. The stream had three distinct sections: section 1
(upstream) was rocky with riffles; section 2 (middle) had moderately unstable, sometimes
collapsing banks; and section 3 (downstream) was marshy with slower moving water
(Figure 4.2a).
The aim of the restoration was to stabilize the streambanks and increase lateral
flow and residence time in the hyporheic zone (Figure 4.2b). The floodplain was
excavated and onsite sediment was mixed with limestone and wood chips, with the
objective of promoting nutrient cycling and providing more diverse habitat in the
hyporheic zone (Díez et al., 2002; Miller et al., 2010; Whiteway et al., 2010; Acuña et al.,
2013). Native plants were installed in the riparian zone to strengthen the banks and
intercept stormwater runoff. In the first section, a “regenerative design” was utilized to
spread water out laterally from the channel. This design type includes a more porous
streambed and riffles and pools to increase infiltration into the streambed (Cizek et al.,
2017; Koryto et al., 2018) and the channel is not defined during construction but rather
forms over time. Where the stream had become narrowed and straightened, the width and
depth were increased, and logs were placed in the stream. The second section includes a
natural single channel design, which is a technique that bases features on what were
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present prior to restoration (Zimmer & Lautz, 2015). In both the first and second sections,
rocks were placed along the banks at select locations for stabilization. The third section, a
multi-channel design, is now braided, with meanders and deep off-channel pools, which
were designed to keep the water in storage off the main channel, create wildlife habitat,
and slow water movement, allowing more time for nutrient assimilation (Miller et al.,
2010).
4.3.2

MONITORING WELLS AND MINI-PIEZOMETERS

One shallow well, constructed from 1-inch (2.5-cm nominal) diameter schedule
40 PVC pipe with 0.010 inch (0.254-mm nominal) slotted screen, was installed along
each of the three sections pre- and post-restoration. Pre- and post-restoration well depths
are as follows: MW-1, 1.37 m and 0.86 m; MW-2, 1.22 m and 1.19 m; MW-3, 1.07 m
and 1.69 m. Continuously-logging sensors (Divers, Schlumberger Water Services) were
installed in each well to record water levels every 1 minute over approximately 16 days
(Appendix 10-11).
To monitor porewater chemistry in the streambed, a transect of paired minipiezometers, constructed after Martinez (2016), was installed laterally across each section
of stream. Each pair was completed at depths of 0.15 m and 0.30 m below the streambed.
One pair was installed in the center of the stream channel, two pairs at 25% of the
distance to the banks, and two pairs at the banks.
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4.3.3

TRACER TESTS

Both tracer tests were conducted during baseflow conditions to limit in-stream
dilution of the tracers. The tracers were mixed with 100 L of water to yield
concentrations of 0.2 g/L Raz and 5 g/L Br–. Using a peristaltic pump, tracers were
injected through new tubing and a diffuser at rates of 12.5 mL/s for the pre-restoration
test and 18.5 mL/s for the post-restoration test. The tracers were injected far enough
upstream (approximately 37 m) of the first station to allow for mixing in the water
column before measurement. Because Raz is photosensitive, injections began in the
evening to limit exposure to direct sunlight (Argerich et al., 2011a). Over approximately
48 hours, samples were collected from the wells, mini-piezometers, and stream channel.
Samples were filtered using sterile 0.22-µm filters, kept chilled and in the dark in a cooler
in the field, and stored in a refrigerator until analyzed. Due to COVID lab closures, the
post-restoration samples were analyzed after 3 months, outside of optimal time of several
hundreds of hours for analysis when stored in the dark (Haggerty et al., 2008). While
stability of resazurin in water (without sediment present) has been shown up to a month
(Haggerty et al., 2008), existing studies have not examined stability past one month, so it
is possible that some degradation could have occurred during this hold time. However,
since the samples did not contain sediment, were filtered, and kept in the dark, it is
unlikely that this would have had a large effect.
Stream velocity measurements and discharge calculations were taken under
similar low-flow conditions and were found to be 1.1 × 10-3 m3/s pre-restoration
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(unrestored section immediately downstream from section 3) and 1.31 × 10-3 m3/s
(section 1) and 8.1 × 10-4 m3/s (section 2) post-restoration.
4.3.4

BATCH EXPERIMENTS

Since the stream restoration included a change in streambed material, we
hypothesized that a greater percentage of Raz was being adsorbed to the sediment postrestoration. Sorption batch experiments were performed, based on Haggerty et al. (2008).
Sediment was collected from sections 1 (810.4 g) and 2 (825.2 g) of the stream and an
unrestored reach (668.3 g), freeze-dried, and sieved. For each stream section, 4 g of
sediment < 2 mm were placed in each of four centrifuge vials with 40 g of filtered stream
water from that section, then Raz was added at a concentration of 0.00, 0.04, 0.10, and
0.20 mg/mL. The vials were placed on an enclosed shaker for 45 hours. After this period,
the samples were centrifuged for 15 minutes and then 15-mL aliquots of water were
filtered, collected, and analyzed for Raz and Rru.
4.3.5

SOLUTE ANALYSES

All water samples were analyzed at the University of Kentucky. Raz (600 nm
wavelength) and Rru (570 nm wavelength) were analyzed on a Molecular Devices
Spectramax M2 microplate spectrophotometer in the Department of Biosystems and
Agricultural Engineering with a detection limit of 0.02 mg/L to 10 mg/L and 0.08 mg/L
to 4 mg/L for Raz and Rru, respectively. Bromide was analyzed on a Dionex Integrion
HPIC ion chromatograph in the Department of Forestry and Natural Resources and has a
detection limit of 0.08 mg/L.
78

4.3.6

MODELING

Breakthrough curves for Br– and Raz were simulated using the QTRACER2
program (US Environmental Protection Agency, 2002). Calculations included mass
recovery, mean tracer residence time, mean tracer velocity, and longitudinal dispersion.
Input and output data are included in Appendix 13.

4.4

RESULTS
4.4.1

TRACERS

For Br–, pre- and post-restoration breakthrough curves for all sections indicate
consistent mass recovery, but the restored sections took longer to reach the tail (3.27
hours versus 9.48 hours for section 1, 4.08 hours versus 20.07 hours for section 2, and
7.70 hours versus 70.23 hours for section 3). For the entire study reach, there was ~98%
pre-restoration recovery of Br– over 7.70 hours, while ~98% of the tracer mass was
recovered over 70.23 hours post-restoration. For Raz and Rru, the tail of the prerestoration breakthrough curve was not reached until 43 hours for all sections, consistent
with the ability of Raz to adsorb to sediment. In contrast, there were very low
concentrations of Raz and Rru in the collected samples from the post-restoration sections,
often below the detection limit. The sum of Raz and Rru indicated ~100% recovery over
the entire study reach pre-restoration and ~30% recovery post-restoration. Mass
recoveries are approximate to account for variability in discharge between measurement
of baseflow and sampling during the study.
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Pre-restoration concentrations of Raz and Rru varied in the water column. A low
of < 0.02 mg/L Raz was observed at all stations, while a high of > 10 mg/L Raz was
observed at station 3. For Rru, a low of < 0.08 mg/L Rru was observed at all stations with
a high of > 4 mg/L Rru at station 3. Post-restoration concentrations of Raz and Rru were
all below the detection limits with the exception of isolated measurements 3.26 mg/L Raz
and 0.20 mg/L Rru at station 3. Br- concentrations in the pre-restored water column
varied from 0.59 mg/L to 154.61 mg/L, both at station 1, with a similar range at the other
two stations. Post-restoration stream water samples ranged from a low of 0.10 mg/L Brat station 2 to a high of 14.90 mg/L at station 1.
Pre-restoration pore water samples also showed high variability of tracer
concentrations, from a low of < 0.02 mg/L at all transects to a high of > 10 mg/L Raz at
transect 2. The range of Rru was from a low of < 0.08 mg/L at all transects to a high of >
4 mg/L Rru at transect 2. Post-restoration Raz and Rru concentrations were almost all
below the detection limits except for Raz concentrations of 1.88 mg/L and 0.91 mg/L at
transects 1 and 2, respectively. Pre-restoration Br- concentrations in pore water ranged
from 0.48 mg/L to 282.30 mg/L along transect 3, with a similar range for the other
transects. Post-restoration Br- concentrations ranged from 0.20 mg/L along transect 1 to
6.40 mg/L along transect 2. The other transects showed similar ranges.
Water samples from pre-restoration wells varied from < 0.02 mg/L Raz to > 10
mg/L Raz at MW-3 and from < 0.08 mg/L Rru to > 4 mg/L Rru at MW-3. Postrestoration groundwater samples had Raz concentrations < 0.08 mg/L in all wells except
for one sample above detection limit (1.07 mg/L) from MW-2, while Rru was below
detection limit in all post-restoration wells. Pre-restoration Br- concentrations in
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groundwater ranged from 3.89 mg/L to 19.30 mg/L, both at MW-3. Groundwater from
the other two monitoring wells showed similar, though smaller, ranges. Post-restoration
Br- concentrations in groundwater ranged from 0.09 mg/L at MW-3 to 6.90 mg/L at MW1.
4.4.2

BATCH EXPERIMENTS

The proportion of < 2-mm grains ranged from 27.2% for post-restoration section 2
to 47.5% for post-restoration section 1, with the unrestored reach having 34.8% < 2 mm.
TOC content of < 2-mm sediment was 1.94% for sections 1 and 2 and 1.03% for the
unrestored reach. For > 2-mm sediment, sections 1, 2, and the unrestored reach had TOC
contents of 1.43%, 2.40%, and 0.22%, respectively. Raz plus Rru recovery in
experiments was 66% to 100% for the unrestored reach, 3% to 11% for restored section
1, and 11% to 33% for restored section 2 (Appendix 12; Table 4.1).

4.5

DISCUSSION
Baseflow is critical for maintaining stream ecosystems between storm events (Liu

et al., 2013), particularly facilitating the biological processing of nutrients (Klein &
Toran 2016). As such, a better understanding of alterations in flow paths and storage after
stream restoration is critical for predicting potential for delayed nutrient contribution.
Here, the impact of each restoration style on observed flowpaths and transient storage
will be considered.
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4.5.1

PRE-RESTORATION

In our stream there was overall little transient storage pre-restoration, indicated by
the high mass recovery of Br– over an 8-hour period. Furthermore, the ranges of Raz and
Rru recovered from stream water samples indicate water moving quickly through section
1 until it reached the marshy portion of section 3. Both Raz and Rru recovery at station 3
was double the recovery at station 1, indicating more time and more aerobic conditions to
transform from Raz to Rru (Lemke et al., 2013; Liao et al., 2013). This is also indicated
in the pore water samples (Figure 4.4). Raz recoveries from transects 2 and 3 are seven
and three times the recovery from transect 1, while Rru recoveries from transects 2 and 3
are five and two times that of transect 1. The high recovery of Rru (Figure 4.3) also
indicates relatively high interaction with the hyporheic zone and aerobic activity in the
streambed (e.g. Lemke et al., 2013; Liao et al., 2013). This is consistent with the higher
percentage of grains > 2 mm and vegetation in many portions of the channel, providing
root surfaces in the streambed. There is less difference between the sections when the
wells are considered, however, with high concentrations of Raz and Rru in all three wells.
This indicates that pre-restoration there was likely significant lateral movement from the
stream. Br- concentrations in the stream water, pore water and groundwater were similar
between the stations.
4.5.2

POST-RESTORATION

Post-restoration, water moved more slowly through all three sections, as indicated
by the timing of the Br– breakthrough curves, the increased mean residence time, and
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decreased mean tracer velocity for Br– in sections 2 and 3 (Appendix 13). This is
consistent with other studies (Gooseff et al., 2003; Bukaveckas, 2007). There was overall
very low recovery of both Raz and Rru (Figures 4.3, 4.4, 4.5). Raz recovery only
occurred from transects 1 and 2 and Rru recovery only occurred at transect 1. Brconcentrations also show a decrease with distance downstream, with average sample
concentrations in stream water decreasing 38% between stations 1 and 2 and 43%
between stations 1 and 3. In groundwater there is also a decrease in average Brconcentrations in samples between stations 1 and 2 (36%) and stations 1 and 3 (9%). The
combination of lower tracer concentrations, increased mean tracer residence time, and
decreased mean tracer velocity indicate that transient storage in the stream surface or the
hyporheic zone increased (Kerr et al., 2013) post-restoration.
However, adsorption also affects the reactive tracer (Haggerty et al., 2008),
indicating that transient storage is not the only factor influencing the relatively slow
tracer recovery. The batch experiments showed significantly lower Raz and Rru recovery
when stream water reacts with the post-restoration sediment. The batch experiment using
sediment from an unrestored reach showed high recovery, similar to recovery during the
pre-restoration tracer test. However, the batch experiment using sediment from postrestoration section 1 showed very little recovery. Even though sediment from postrestoration section 2 had higher Raz and Rru recovery than that of section 1, if the
reactive tracer is adsorbed in section 1, little will even make it to section 2. Though the
time for Raz to be reduced to Rru could account for some of the delayed Rru recovery,
this is generally on the order of 100s of seconds (Blaen et al., 2018) so adsorption is still
likely the primary reason for limited or delayed recovery.
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4.5.2.1 SECTION 1 – REGENERATIVE DESIGN

Section 1, the regenerative design section, had high Br- recovery, the shortest time
to reach the tail of the breakthrough curve, and no Raz or Rru recovery from surface
water samples. This indicates that adsorption is likely the primary control on nutrient
attenuation, which the batch experiments confirm. In addition, the mean tracer velocity
decreased and the mean tracer residence time increased from the pre-restoration tracer
study, indicating that transient storage is a secondary control. Increased infiltration into
the streambed from a porous streambed and utilization of riffles and pools is a
characteristic of this design type (Cizek et al., 2017; Koryto et al., 2018), so the
indications of lateral movement and increased residence time from the NaBr tracer
corresponds to findings of other studies (Kasahara & Wondzell, 2003; Kasahara & Hill,
2007).
This section also had a more pronounced peak on the tracer breakthrough curve
for the monitoring well (Figure 4.5) than in the other two sections. The peak indicates
that the goal of this restoration technique, to push water laterally toward the riparian zone
and into the hyporheic zone (Cizek et al., 2017; Koryto et al., 2018), was attained. There
was also no Raz or Rru recovery in stream water or groundwater samples from this
section. Adsorption affects Raz and Rru recovery (Haggerty et al., 2008), consistent with
batch experiments with post-restoration sediments. Raz (1.88 mg/L and 8.49 mg/L) and
Rru (2.51 mg/L) recovered from pore water occurred after a rainfall of 9.9 mm (MRCC,
2021), corresponding with an increased recovery of Br- (4.89 mg/L) from this sample
time (114 hours after tracer introduction) as well. This indicates increased flushing of

84

tracer out of transient storage in the streambed, which other studies have found occurs
during precipitation events (van Verseveld et al., 2008; Koryto et al., 2018).
4.5.2.2 SECTION 2 – NATURAL SINGLE
CHANNEL DESIGN

Section 2, the single channel section, had the highest Br- recovery, only limited
Raz recovery in one porewater and one groundwater sample, and no Rru recovery,
supporting significant adsorption to sediment. This section had the highest mean tracer
residence time and the lowest mean tracer velocity for both tracers, indicating slowing of
substances through this section. The Br- breakthrough curve from the monitoring well in
this section did not have a clear peak, instead generally showing a consistent recovery
over 150 hours of monitoring, with no pronounced tailing (Figure 4.5).
These results indicate that both adsorption and transient storage are playing large
roles in slowing tracer movement through the stream during baseflow conditions. A few
options exist to explain these observations. Either this section had lateral movement from
the stream, or water moved slowly through the streambanks from section 1 to section 2.
Additionally, a slope change near the transition between the regenerative design and the
natural channel design may encourage flow into the hyporheic zone (Kasahara &
Wondzell, 2003; Kasahara & Hill, 2007; Hassan et al., 2015) and through the banks
between the sections. Since this slope change is a characteristic of the location rather than
the restoration style, it is possible that some of the transient storage observed is a product
of the setting rather than stream restoration. It is also possible that some of the lower

85

tracer concentrations collected over a longer period of time were influenced by storage
that occurred in section 1.
The observed reactive tracer concentrations from the pore water and stream water
samples were lower than expected in this section, but similar Br- recovery compared to
that of the other sections indicates this can be attributed to adsorption. The increased
TOC percentage in the restored streambed, due to the addition of woodchips into the soil
matrix during restoration, is considered to be the cause of higher adsorption compared to
the pre-restoration samples from section 2 (Haggerty et al., 2008).
Finally, precipitation appears to affect Raz recovery in this section. The day after
3.8 mm of rainfall (MRCC, 2021), 7.5 hours after tracer introduction, there was a peak
Br- recovery in pore water near the bank (6.40 mg/L). Additionally, a heightened Brrecovery occurred at the same location and time (0.98 mg/L at the center of the stream;
Figure 4.4) as there was Raz recovery (0.91 mg/L), 25 hours after tracer introduction.
There was also Raz recovery (1.07 mg/L) corresponding with increased Br- recovery
(2.27 mg/L) at the well from this section 259 hours after tracer introduction and a few
days after a rainfall of 5.8 mm (MRCC, 2021). This indicates flushing of water through
the hyporheic zone and the banks (van Verseveld et al., 2008; Koryto et al., 2018).
4.5.2.3 SECTION 3 – MULTI-CHANNEL
DESIGN

Section 3, with two channels, a braided stream design, and inclusion of deep
pools, had the lowest average Br- concentration recovered from the samples. This section
also had the only Raz (3.26 mg/L) and Rru (0.20 mg/L) recovery and the most delayed
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recovery of Br-, indicating that transient storage plays a major role in this section. The
slow, consistent recovery of Br- in the monitoring well for this section, compared to the
pre-restoration tracer peak and tailing (Figure 4.5), also indicates that water is moving
slowly laterally from the channel.
Transient storage can be increased not only by changes to the hyporheic zone, but
also by creation of pools and addition of woody debris (Argerich et al., 2011b). All three
sections included addition of wood to the soil matrix, and section 3 included the creation
of deep pools. The lower Raz and Rru recovery post-restoration is consistent with smaller
grain size and higher TOC percentage in sediment samples, which should promote higher
adsorption rates (Haggerty et al., 2008). The higher adsorption rates and the delayed Brrecovery post-restoration in two sections suggest that nutrients move more slowly
through the restored stream, allowing for more time for nutrient cycling along the way,
one of the goals of the restoration. Increased transient storage time can also increase
nutrient assimilation (Bukaveckas, 2007; Argerich et al., 2011b; Newcomer Johnson et
al., 2014). However, it is also possible that the lower tracer concentrations in section 3
were influenced by storage that occurred in sections 1 and 2.
4.5.3

LIMITATIONS AND RECOMMENDATIONS

While this tracer project does indicate overall characteristics of the three
restoration designs, there are limitations. One limitation is with the use of Raz itself.
While a reactive tracer can indicate post-restoration changes to the stream, it seems that it
is possible for adsorption to increase after restoration, even nearly a year later. It is
recommended that batch experiments are performed first to determine baseline adsorption
rates. Additionally, it is recommended to use a spectrofluorometer rather than a
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spectrophotometer to analyze Raz, as it seems the spectrofluorometer has a greater range
and a lower detection limit for this particular tracer (Haggerty et al., 2008).
Additionally, though the tracers give an overall characterization of the stream
reach, this study does not endorse or recommend one technique over another. Each
stream restoration type can affect the following type, which is a limitation of using a
sequentially restored section. For instance, the high adsorption rates of the Raz in section
1 affect the concentration in the sections downstream. In another example, the Brconcentrations in the well in section 1 post-restoration show lateral storage, which may
affect the movement of water and tracers downstream. The slope change between the end
of section 1 and the beginning of section 2 also affects the flow of water going into
section 2, which likely influences the transient storage observed in section 2. It is
recommended that future tracer studies of similar sequential stream restoration projects
consider each section separately as well.
Finally, as this tracer study was performed at lower flow, it is recommended that
the three stream restoration types are also assessed at high flow. As observed after small
rain events post-restoration in this study, the precipitation may flush tracer out of bank
storage. With higher stream velocity and amount of water in the banks, residence time
may be shorter under higher flow conditions. Therefore, the results from this study may
not translate to higher flow conditions and should not be understood as endorsing any
restoration style as there are factors outside the scope of this study that could affect the
results in a different setting.
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4.6

CONCLUSIONS
While hydrologic monitoring is being increasingly utilized to assess the

effectiveness of stream restoration, few studies have used paired reactive and
conservative tracers in the field. We found that the combined use of conservative and
reactive tracers allowed for an overall characterization of different stream restoration
techniques. In particular, the conservative Br- provided data regarding transient storage
while the reactive Raz provides evidence of adsorption and metabolic activity. However,
limitations to these techniques were encountered, namely significant adsorption of Raz
and Rru under post-restoration conditions. This observation was supported by a
laboratory batch reaction study.
Besides examining the utility of using coupled reactive and conservative tracers for
stream restoration assessment, we compared results from three different restoration
techniques. In section 1, the regenerative design section, there is an increase in adsorption
as a primary control and transient storage and lateral movement as secondary controls.
Section 2, the single channel section, showed increased adsorption along with transient
storage as primary controls on storage. Section 3, which features a braided stream design,
increased transient storage with lateral movement and deep pools. Overall, while there is
an increase in adsorption and transient storage in both sections 1 and 2, section 2 yields
lower tracer concentrations over a longer period of time, indicating an increased capacity
for storage between precipitation events. Section 3 also shows the most increased
capacity for solute storage compared to sections 1 and 2, as indicated by lower average
tracer concentrations collected over a longer period of time. However, lower
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concentrations in sections 2 and 3 could partially be a result from storage and adsorption
from the previous sections.
To quantify these comparisons using reactive tracers, care is needed in determining
both the duration and conditions of the study. Future studies should investigate the
duration of Raz adsorption to sediment and ensure methods to recover or detect enough
tracer mass to quantify metabolic activity. Our findings also indicate that the type and
size of stream sediment should be considered carefully when using Raz as a hydrological
tracer. Additionally, future studies should allow for significantly longer tracer times in
restoration conditions (or natural conditions) that include addition of woody debris and
large, deep pools. Overall, Raz under controlled conditions can provide valuable
information about solute storage beyond what a conservative tracer alone can provide.

4.7

ACKNOWLEDGMENTS FOR CHAPTER 4

Andrea M. Erhardt, William Ford, Carmen Agouridis, and Alan E. Fryar contributed to
this work. The authors would like to acknowledge the assistance of Bronson McQueen,
Felicity Shirkey, Jon Wilson, Cris Alvarez Villa, Rowan Rich, Bailee Morrison, Jen
Whitney, Shishir Sarker, Le Cao, Ryan Dapkus, and April Collins for their assistance
during the tracer tests and Bronson McQueen, Millie Hamilton, Jian Shi, Can Liu, Wenqi
Li, Shakira Hobbs, Pedro Martin, Jason Backus, and Andrea Conner for their assistance
with sample analysis. This project was also made possible by funding from a Karri
Casner Environmental Sciences Fellowship and a Geological Society of America
Graduate Student Research Grant.

90

4.8

TABLES AND FIGURES FOR CHAPTER 4

Table 4.1 Adsorption to unrestored and post-restoration sediment (< 2 mm) in batch experiments.
Resazurin
Resazurin
Resorufin
Resazurin +
Concentration Added
Concentration
Concentration
Resorufin
to Water and Sediment Recovered from Recovered from
Concentration
(mg/mL)
Water (mg/mL) Water (mg/mL)
Recovered from
Water (mg/mL)
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Restored
Section 1

Restored
Section 2

Unrestored
Section

Total Percentage of
Initial Resazurin
Recovered as
Resazurin +
Resorufin (%)

0.040

0.000

0.001

0.001

3

0.100

0.002

0.003

0.005

5

0.200

0.014

0.008

0.022

11

0.040

0.000

0.005

0.005

11

0.100

0.007

0.012

0.019

19

0.200

0.037

0.028

0.066

33

0.040

0.019

0.021

0.040

100

0.100

0.085

0.045

0.130

130

0.200

0.086

0.046

0.132

66

Figure 4.1 Aerial view from Google Earth (2019 and 2020) of the study stream prerestoration (left) and post-restoration (right) and its location in the inset (Maps Open
Source, 2019).
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Figure 4.2 a) Pre-restoration structure of the study stream and b) Post-restoration
structure of the study stream (not to scale).
Post-restoration photographs taken by Matt Barton with University of Kentucky’s
Agricultural Communications Services.
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Figure 4.3 Pre- and post-restoration reactive (Resazurin and Resorufin) and conservative
(NaBr) tracer results for stream samples.
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Figure 4.4 Pre- and post-restoration reactive (Resazurin and Resorufin) and conservative
(NaBr) tracer results for stream transect samples.
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Figure 4.5 Pre- and post-restoration reactive (Resazurin and Resorufin) and conservative
(NaBr) tracer results for monitoring well samples.
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CHAPTER 5. CONCLUSION
In urban environments, multiple factors can affect water quality, quantity, and
pathways. To better manage this resource, both naturally occurring and introduced tracers
can be used to study existing patterns and, from these, infer future changes. In Chapter 2,
naturally occurring stable isotopes of water were utilized to study precipitation patterns
from the years 2000, 2019, and 2020 in Kyiv and Cherkasy, Ukraine. The values
followed seasonal trends and patterns based on where the water vapor originated, but
local and regional climate also greatly affected the values. This highlights the need for
establishment of local meteoric water lines in understudied regions, especially in areas at
risk of effects from climate change. In Chapter 3, these same stable isotopes were used to
investigate trends in municipal water sources. Furthermore, they provide a method to
investigate sources of inputs to the river. Both uses provide a powerful tool for water
management as precipitation patterns shift, potentially necessitating a shift in municipal
water sources. Finally, in Chapter 4, introduced tracers can add insight into water flow
patterns. Conservative and reactive tracers can be utilized to examine differences to water
flow and storage after stream restorations. While the conservative tracers give insight into
the general flow, reactive tracers can indicate flow through particular areas of the stream,
such as the hyporheic zone. However, after the restoration process, adsorption can be an
issue even nearly a year later, and instrumentation providing a larger analytical range
should be considered when planning an assessment of stream restoration projects. In
addition, as the restoration styles were in a sequential order, it is possible that storage
from previous sections could also affect concentrations recovered downstream.
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Nonetheless, these tracer approaches still showed that multiple techniques for stream
restoration can meet the stated goals of increasing transient storage and lateral movement
of water. Overall, both naturally occurring and introduced tracers can provide a powerful
tool for investigating changes in water movement, both on a large and small scale.
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APPENDIX 1. OTHER METHODS FOR LMWL CALCULATION
Preliminary LMWLs were constructed for Kyiv and Cherkasy using the ordinary
least squares (OLS), reduced major axis (RMA), and major axis methods (Marchina et
al., 2020). The OLS method was ultimately selected since the slopes and intercepts were
similar to the RMA calculations. The OLS Kyiv LMWL is 𝛿2H = 8.3 𝛿18O + 13.7 and the
OLS Cherkasy LMWL is 𝛿2H = 7.7 𝛿18O + 5.6 (Figure 2.2), both based on the monthly
composite samples. Using the precipitation weighted method (Kern et al., 2016; Hughes
& Crawford, 2012), the LMWL for Kyiv is 𝛿2H = 8.4 𝛿18O + 15.1 and for Cherkasy is
𝛿2H = 8.1 𝛿18O + 9.8, both based on monthly composite samples (Figure 2.2). The
precipitation weighted method was also applied to the event data for Kyiv and the
LMWL was calculated based on these values, excluding events with a d-excess value
lower than 0 ‰, after Kern et al. (2016). This line was calculated as 𝛿2H = 8.0 𝛿18O +
11.4 (Figure 2.3). Due to one large event sample from February 2020 that was not
collected due to a disruption to the collectors (but was included in the February monthly
composite sample due to the other collector remaining undisturbed), the February
monthly composite sample was used in an additional PWLSR LMWL calculation instead
of daily event samples for February. This adjusted LMWL for Kyiv was 𝛿2H = 8.1 𝛿18O
+ 12.2 (Figure 2.3).
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APPENDIX 2. EVENT PRECIPITATION FROM KYIV
Temperature and humidity are from the meteorological station at Igor Sikorsky Kyiv International Airport (Zhuliany; Weather
Underground, 2021). For 02/24/20 and 05/27/20, only composite samples were collected, with amounts of 19.2 mm and 4.0 mm,
respectively. * = collected over multiple days in evaporation-protected container. P = Precipitation, T = Temperature, h =Relative
humidity
Date
(mm/dd/yy)
11/20/19

δ18O (‰)
-5.7

δ2H (‰)

P (mm)

-30.8

0.5

4.1

99.4

Date
(mm/dd/yy)
05/03/20

T (℃)

h (%)

δ18O (‰)
-9.6

δ2H (‰)
-66.8

P (mm)

T (℃)

h (%)

8.5

15.7

79.6

11/29/19

-11.3

-74.5

5.0

3.7

100.0

05/05/20

-6.6

-44.5

3.8

13.1

89.7

12/03/19

-17.8

-142.0

0.7

-0.5

80.6

05/07/20

-16.3

-122.4

24.9

6.7

93.8

12/16/19*

-10.7

-73.7

2.6

4.6

82.1

05/12/20

0.2

-2.6

1.6

13.5

63.2

12/23/19*

-5.5

-33.6

2.1

8.8

96.1

05/15/20

-3.5

-22.6

9.6

9.8

68.6
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12/24/19

-6.0

-43.6

1.2

6.8

93.4

05/16/20

-4.4

-26.4

7.6

11.9

68.5

12/26/19*

-9.0

-58.3

7.4

4.8

94.9

05/18/20

-3.7

-20.9

0.4

12.9

65.6

12/27/19

-14.9

-109.6

1.2

1.2

93.7

05/20/20

-5.1

-37.2

7.2

13.2

73.4

12/28/19

-17.5

-128.7

3.3

0.6

97.4

05/22/20

-12.9

-95.4

0.1

8.2

68.8

12/29/19

-13.6

-95.8

4.4

-1.1

88.3

05/23/20

-11.4

-90.4

0.2

9.3

67.8

12/30/19

-11.1

-84.8

1.6

-2.8

90.3

05/26/20

-10.1

-70.1

23.9

12.0

89.9

01/06/20

-13.4

-95.9

2.2

-0.9

80.2

05/29/20

-7.8

-48.7

5.2

13.7

91.4

01/09/20

-18.0

-139.9

1.5

0.7

95.5

05/31/20

-9.4

-62.6

37.4

13.3

77.0

01/10/20

-8.7

-61.9

0.3

1.4

100.0

06/01/20

-13.2

-92.4

13.2

12.1

73.5

01/11/20

-7.2

-44.5

0.8

4.3

91.6

06/04/20

-10.3

-77.5

1.8

13.9

70.8

01/23/20

-7.5

-54.0

1.3

0.7

72.6

06/05/20

-2.6

-22.1

0.7

17.3

74.3

01/24/20

-8.7

-59.6

1.2

1.1

74.4

06/15/20

-5.5

-29.9

8.8

22.8

74.5

01/29/20

-12.9

-87.5

10.6

0.3

99.9

06/16/20

-1.5

-11.6

2.5

23.7

65.8

01/30/20

-17.6

-136.1

4.0

1.8

86.7

06/17/20

-4.0

-26.0

5.1

21.8

78.4

01/31/20

-9.0

-65.3

2.0

1.8

91.0

06/18/20

-2.0

-20.3

0.3

22.4

76.3

02/01/20

-20.6

-159.8

3.2

3.0

92.9

06/19/20

-2.5

-27.0

0.6

24.0

57.9

Date
(mm/dd/yy)
02/02/20
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-8.4

-66.6

0.4

7.8

80.7

Date
(mm/dd/yy)
06/23/20

-6.1

-41.7

17.6

21.9

82.5

02/03/20

-4.8

-52.5

0.3

3.9

69.1

06/27/20

-12.1

-86.5

trace

23.2

58.0

02/05/20

-14.8

-111.5

7.1

-0.7

79.3

07/08/20*

-6.2

-39.8

12.7

20.5

76.8

02/07/20

-9.1

-63.1

0.4

-5.3

63.6

07/21/20

-7.7

-49.2

11.6

21.9

62.6

02/11/20

-10.6

-73.8

6.5

0.8

73.2

07/25/20

-4.2

-30.2

17.8

18.7

78.5

02/12/20

-12.5

-91.3

2.4

2.3

85.3

07/31/20

-8.7

-71.3

1.0

19.8

60.6

02/13/20

-7.3

-44.1

0.7

1.6

87.2

08/25/20*

-8.7

-56.0

42.2

20.7

78.4

02/15/20

-5.2

-33.6

0.7

3.0

93.9

09/04/20*

-4.4

-30.0

2.7

21.3

79.8

02/16/20

-5.9

-41.3

0.3

2.8

85.0

09/18/20*

-7.8

-49.3

11.3

20.2

65.1

02/27/20

-12.0

-93.6

3.9

4.2

92.1

09/30/20*

-6.7

-39.1

37.4

13.2

81.1

03/03/20

-9.2

-66.0

9.0

8.8

72.9

10/07/20*

-8.1

-53.8

31.4

15.8

82.5

03/06/20

-3.6

-30.6

0.1

7.7

91.8

10/08/20

-4.1

-25.7

2.6

16.3

94.8

03/07/20

-3.1

-28.9

0.3

8.7

88.2

10/17/20*

-7.8

-43.7

45.3

11.9

87.6

03/08/20

-6.6

-47.6

1.6

7.7

98.2

10/31/20*

-10.0

-64.4

26.9

5.6

96.8

03/09/20

-8.9

-64.0

0.8

7.6

98.6

11/01/20

-10.0

-65.0

2.5

7.7

96.2

03/12/20

-11.5

-96.8

0.4

9.3

64.8

11/06/20*

-10.7

-70.5

2.2

6.6

93.8

03/22/20

-12.1

-80.0

3.4

1.2

83.0

11/17/20

-16.8

-122.0

4.0

-2.2

90.8

03/31/20

-5.3

-47.6

trace

-0.2

60.4

12/01/20

-8.5

-73.4

2.2

-0.7

90.9

04/10/20

-2.1

-10.4

trace

9.9

45.2

12/18/20

-14.0

-106.6

13.2

0.6

98.9

04/15/20

-9.1

-60.1

4.9

4.1

59.1

12/25/20*

-13.2

-94.5

4.7

0.7

97.6

04/20/20

-8.3

-51.5

0.2

5.7

61.8

12/26/20

-13.7

-97.5

1.0

0.8

83.3

04/26/20

-10.9

-72.4

24.9

9.3

64.4

12/30/20*

-9.6

-62.9

9.1

2.4

99.7

05/01/20

-4.6

-26.3

1.3

12.8

85.8

12/31/20

-6.3

-36.8

3.1

7.6

97.3

δ18O (‰)

δ2H (‰)

P (mm)

T (℃)

h (%)

δ18O (‰)

δ2H (‰)

P (mm)

T (℃)

h (%)

APPENDIX 3. STATISTICS FOR CHAPTER 2
a) (top) r-squared values for linear regressions of δ18O and precipitation amount,
temperature, and humidity and d-excess and humidity for Kyiv. b) (bottom) r-squared
values for linear regressions of δ18O and precipitation amount, temperature, and humidity
and d-excess and humidity for Cherkasy.
Kyiv Precip (mm)

Kyiv Temp (⁰C)

Humidity (%)

Kyiv δ18O (‰)

0.11

0.77

0.29

Kyiv d-excess

--

--

0.07

Cherkasy Precip
(mm)

Cherkasy Temp
(⁰C)

Cherkasy
Humidity (%)

Cherkasy δ18O (‰)

0.00

0.80

0.53

Cherkasy d-excess

--

--

0.31
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APPENDIX 4. KYIV PRECIPITATION SAMPLES FROM THE YEAR 2000 FROM
DYACHUK ET AL. (2004)

Kyiv Precipitation Samples (from Dyachuk et al., 2004)
Date
Tritium (Bq/L)
Tritium (TU)
Precipitation (mm)
2/18-2/19/2000
2/25/2000
3/9/2000
3/15-3/16/2000
3/19/2000
3/26/2000
3/30-3/31/2000
4/6-4/7/2000
4/16/2000
4/22-4/23/2000
5/20-5/21/2000
5/29-5/30/2000
6/1-6/2/2000
6/6-6/7/2000
6/15/2000
6/16-6/18/2000
6/26/2000
6/28/2000
6/30-7/2/2000
7/5/2000
7/6-7/9/2000
7/17/2000
7/18-7/19/2000
7/23/2000
7/27/2000
7/29-7/30/2000
8/8/2000
8/12-8/13/2000
8/25-8/27/2000
9/1-9/3/2000
9/7-9/8/2000
9/15-9/18/2000
9/19-9/21/2000
11/5-11/6/2000
11/8-11/9/2000
11/10/2000
11/28/2000

0.8
4.9
3.6
5.2
4.0
34.5
11.1
1151
52.5
7.7
5.5
4.3
3.8
4.8
2.9
4.7
3.2
6.5
16.2
2.7
3.6
3.7
3.9
4.3
10.1
5.1
5.7
5.7
9.4
3.8
3.7
6.2
4.2
18.3
2.7
11.1
2.0

6.4
41.7
30.4
44.3
33.8
292.3
94.1
9749
444.9
64.8
46.3
36.2
32.3
40.7
24.5
40.1
26.8
55.1
136.8
22.8
30.2
31.6
33.2
36.7
85.7
43.3
48.5
48.4
79.5
32.4
31.6
52.7
35.2
155.0
22.9
94.0
16.9
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24.7
1.0
5.4
3.4
7.4
1.2
4.0
2.6
3.6
15.2
24.5
0.7
4.0
2.5
14.7
9.1
7.2
5.2
8.6
4.1
14.7
4.5
3.9
1.0
3.9
19.1
1.4
11.7
5.2
37.0
51.8
26.3
22.7
2.9
21.1
2.1
7.6

APPENDIX 5. RANGES OF 𝛿2H AND 𝛿18O VALUES (IAEA/WMO, 2022) FOR LOCATIONS ALONG BACKTRACKED
TRAJECTORIES FROM FETCH REGIONS TO KYIV/CHERKASY
NA = Not Available
Location

Average Range 𝛿2H (‰); month

Average Range 𝛿18O (‰); month

Norwegian Sea

Danmarkshavn, Greenland

-155.7, November to -114.9, August

-20.7, November to -14.7, July

Lista, Norway

-54.5, December to -34.2, June

-8.3, December to -5.1, June

Goteborg (Frihamn), Sweden

NA

-11.2, January to -6.3, September

Forshult, Sweden

NA

-16.3, January to -7.5, August

Riga, Latvia

-108.0, December to -47.3, June

-11.9, January to -7.1, June

North Atlantic

Valentia, Ireland

-37.9, January to -26.6, July

-6.0, January to -4.1, August

Continent North of Ukraine

St. Petersburg, Russia

-118.0, December to -63.3, May

-14.3, January to -9.3, May

Arkhangelsk, Russia

-152.3, December to -53.6, July

-19.6, December to -7.9, July

Rovaniemi, Finland

-133.8, February to -70.9, July

-17.9, February to -9.8, July

Minsk, Belarus

-109.0, January to -47.0, July

-15.3, January to -8.1, July

Wroclaw, Poland

-93.5, February to -28.1, July

-13.6, December to -4.9, July

Krakow, Poland

-100.6, February to -46.7, June

-13.6, February to -6.7, June

Hof-Hohensaas, Germany

-83.5, February to -44.7, August

-11.1, February to -6.4, July

Omsk, Russia

-141.6, January to -61.0, June

-19.6, January to -7.8, June

Pechora, Russia

-166.0, December to -60.7, July

-21.2, December to -10.2, July
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Fetch Region

Continent West of Ukraine

Continent East of Ukraine

APPENDIX 6. RANGES OF 𝛿2H AND 𝛿18O VALUES FOR LOCATIONS WITHIN UKRAINE
Data for Kharkiv, Svyatogirsk, Odesa, and Lviv were taken from the IAEA WISER database (IAEA/WMO, 2022) and for Simferopol
and Chatyr-Dag from Dublyansky et al. (2018). Data for Kharkiv and Svyatogirsk can also be found in Vystavna et al. (2018a).
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Location (years)
Kharkiv (2013-2016)
Svyatogirsk (2015-2016)
Odesa (1980-1990)
Simferopol (2011-2014)
Chatyr-Dag (2011-2014)
Lviv (1980-1983)

Average Range 𝛿2H (‰); month
-97.1, November to -27.0, August
-94.2, January to -35.4, June
-104.0, February to -39.5, June
-62.1, cold season to -49.1, warm season
-67.4, cold season to -50.8, warm season
-106.3, December to -49.0, September

Average Range 𝛿18O (‰); month
-13.66, November to -4.15, August
-13.18, January to -5.63, August
-13.13, February to -6.12, June
-9.2, cold season to -7.2, warm season
-10.0, cold season to -7.7, warm season
-14.93, February to -7.63, August

APPENDIX 7. TAP WATER SAMPLES FOR THE TEN DISTRICTS OF KYIV CITY,
BORYSPIL, BOYARKA, AND BROVARY
To differentiate unique locations while maintaining volunteer privacy, a number is given
to the name when more than one sample location is used in one district. * = additional
sample taken from outside of sampling period, not included on the map for
spatial/temporal consideration but considered in calculated averages for the district.
Raion/City

Month

Dniprovskyi 1
Dniprovskyi 2
Darnytskyi 1
Obolonskyi 1
Podilskyi 1
Shevchenkivskyi 1
Solomianskyi 1
Pecherskyi 1
Holosiivskyi
Desnianskyi 1
Dniprovskyi 3
Dniprovskyi 1
Dniprovskyi 4
Podilskyi 2
Podilskyi 3
Podilskyi 1
Sviatoshynskyi
Shevchenkivskyi 1
Shevchenkivskyi 2
Holosiivskyi
Boryspil
Boyarka
Brovary
Desnianskyi 1
Dniprovskyi 1
Dniprovskyi 4
Obolonskyi 1
Obolonskyi 2
Podilskyi 1
Sviatoshynskyi
Shevchenkivskyi 1
Shevchenkivskyi 2

November 2019
November 2019
November 2019
November 2019
November 2019
November 2019
November 2019
November 2019
November 2019
December 2019
December 2019
December 2019
December 2019
December 2019
December 2019
December 2019
December 2019
December 2019
December 2019
December 2019
December 2019
December 2019
December 2019
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020

δ2 H
(‰)
-76.4
-73.8
-73.5
-62.2
-67.6
-71.5
-73.1
-73.6
-73.4
-79.0
-74.7
-76.3
-75.8
-76.0
-76.5
-67.3
-64.5
-68.8
-69.4
-76.2
-83.6
-76.9
-76.0
-78.6
-76.4
-76.6
-79.1
-70.1
-69.9
-69.0
-75.2
-73.2
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SD
0.20
0.11
0.09
0.09
0.15
0.08
0.07
0.23
0.15
0.12
0.06
0.11
0.27
0.06
0.15
0.16
0.08
0.22
0.20
0.19
0.14
0.11
0.23
0.08
0.09
0.07
0.15
0.07
0.23
0.18
0.21
0.22

δ18O
(‰)
-10.3
-11.0
-10.0
-8.2
-8.8
-9.4
-9.9
-10.7
-9.6
-10.6
-10.1
-10.3
-10.3
-10.2
-10.5
-8.7
-8.6
-9.1
-9.3
-10.5
-11.5
-11.2
-10.4
-10.3
-10.4
-10.4
-10.6
-9.6
-9.7
-9.4
-9.9
-10.5

SD
0.07
0.03
0.03
0.07
0.05
0.01
0.03
0.12
0.03
0.13
0.05
0.11
0.02
0.02
0.15
0.09
0.04
0.03
0.09
0.08
0.05
0.08
0.16
0.04
0.05
0.06
0.05
0.04
0.08
0.06
0.07
0.12

Raion/City

Month

Solomianskyi 1
Pecherskyi 2
Pecherskyi 3
Holosiivskyi
Boryspil
Boyarka
Brovary
Dniprovskyi 4
Dniprovskyi 5
Dniprovskyi 6
Dniprovskyi 7
Darnytskyi 1
Podilskyi 1
Shevchenkivskyi 2
Solomianskyi 1
Holosiivskyi
Boryspil
Boyarka
Desnianskyi 2
Dniprovskyi 4
Dniprovskyi 7
Obolonskyi 2
Dniprovskyi 5
Shevchenkivskyi 2
Shevchenkivskyi 1
Solomianskyi 2
Pecherskyi 3
Boryspil
Boyarka
Brovary
Desnianskyi 3
Dniprovskyi 4
Dniprovskyi 7
Dniprovskyi 5
Obolonskyi 2
Podilskyi 1
Sviatoshynskyi
Shevchenkivskyi 2
Shevchenkivskyi 1
Solomianskyi 2
Pecherskyi 3
Boryspil
Boyarka

January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
January 2020
February 2020
February 2020
February 2020
February 2020
February 2020
February 2020
February 2020
February 2020
February 2020
February 2020
February 2020
March 2020
March 2020
March 2020
March 2020
March 2020
March 2020
March 2020
March 2020
March 2020
March 2020
March 2020
March 2020
April 2020
April 2020
April 2020
April 2020
April 2020
April 2020
April 2020
April 2020
April 2020
April 2020
April 2020
April 2020
April 2020

δ2 H
(‰)
-77.6
-76.5
-76.6
-76.6
-84.6
-76.8
-76.0
-77.2
-77.3
-77.0
-77.7
-78.1
-73.9
-71.9
-77.4
-77.9
-84.1
-76.4
-78.5
-76.4
-76.2
-72.4
-76.1
-73.7
-75.6
-77.0
-75.9
-86.1
-76.9
-77.7
-75.0
-74.2
-74.8
-74.1
-70.8
-71.3
-70.5
-71.2
-72.5
-74.4
-74.3
-83.7
-76.7
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SD
0.11
0.14
0.15
0.08
0.15
0.09
0.08
0.20
0.24
0.22
0.09
0.22
0.04
0.11
0.23
0.16
0.07
0.22
0.20
0.35
0.17
0.08
0.13
0.07
0.07
0.08
0.13
0.14
0.20
0.21
0.14
0.10
0.09
0.15
0.10
0.45
0.23
0.15
0.12
0.10
0.13
0.22
0.22

δ18O
(‰)
-11.0
-10.5
-10.6
-10.5
-12.1
-10.9
-10.4
-10.6
-10.4
-11.1
-10.5
-10.3
-10.1
-9.9
-10.7
-10.8
-11.6
-10.8
-10.3
-10.6
-10.5
-9.9
-10.4
-10.3
-10.6
-10.7
-10.3
-12.1
-11.3
-10.6
-10.1
-9.8
-10.2
-10.0
-10.0
-9.9
-9.6
-9.8
-9.7
-10.2
-9.9
-11.5
-10.9

SD
0.06
0.02
0.06
0.04
0.08
0.03
0.12
0.07
0.06
0.07
0.04
0.07
0.06
0.08
0.05
0.04
0.04
0.05
0.05
0.12
0.16
0.01
0.02
0.05
0.03
0.01
0.03
0.07
0.03
0.03
0.04
0.03
0.08
0.08
0.06
0.06
0.07
0.05
0.04
0.08
0.03
0.08
0.03

Raion/City

Month

Brovary
Desnianskyi 2
Desnianskyi 3
Dniprovskyi 7*
Dniprovskyi 4
Dniprovskyi 7
Dniprovskyi 5
Obolonskyi 2
Podilskyi 1
Shevchenkivskyi 1
Shevchenkivskyi 2
Shevchenkivskyi 1*
Solomianskyi 2
Boryspil
Boyarka
Brovary
Desnianskyi 3
Desnianskyi 2*
Dniprovskyi 4
Dniprovskyi 5
Obolonskyi 2
Podilskyi 1
Sviatoshynskyi
Shevchenkivskyi 2
Shevchenkivskyi 1
Solomianskyi 2
Boryspil
Brovary
Desnianskyi 2
Dniprovskyi 7
Dniprovskyi 4
Dniprovskyi 5
Darnytskyi 1
Obolonskyi 2
Podilskyi 1
Sviatoshynskyi
Shevchenkivskyi 2
Solomianskyi 2
Pecherskyi 4
Boryspil
Boyarka
Boyarka*
Brovary

April 2020
May 2020
May 2020
May 2020
May 2020
May 2020
May 2020
May 2020
May 2020
May 2020
May 2020
May 2020
May 2020
May 2020
May 2020
May 2020
June 2020
June 2020
June 2020
June 2020
June 2020
June 2020
June 2020
June 2020
June 2020
June 2020
June 2020
June 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020

δ2 H
(‰)
-74.4
-78.1
-72.3
-67.0
-71.6
-71.5
-71.8
-68.2
-66.7
-70.7
-68.2
-71.8
-72.2
-84.3
-76.7
-72.0
-69.0
-76.5
-66.8
-66.5
-66.2
-67.2
-66.9
-66.6
-65.7
-67.2
-85.7
-67.3
-77.5
-63.6
-61.0
-64.0
-61.3
-61.6
-61.5
-58.1
-61.4
-64.4
-64.7
-84.5
-76.8
-76.8
-69.3
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SD
0.16
0.10
0.13
0.13
0.06
0.16
0.19
0.07
0.14
0.12
0.14
0.26
0.14
0.22
0.25
0.10
0.10
0.17
0.03
0.23
0.22
0.03
0.10
0.34
0.28
0.09
0.05
0.11
0.23
0.16
0.19
0.18
0.18
0.23
0.21
0.24
0.30
0.19
0.22
0.21
0.13
0.32
0.17

δ18O
(‰)
-10.1
-10.2
-10.0
-9.1
-9.6
-9.7
-9.6
-9.1
-8.8
-9.5
-9.3
-9.9
-9.9
-11.7
-10.8
-9.8
-9.4
-10.0
-9.3
-9.0
-8.7
-9.2
-9.0
-8.9
-8.9
-9.4
-11.8
-9.0
-10.1
-8.1
-7.9
-8.2
-8.0
-8.1
-8.2
-7.5
-8.1
-8.0
-8.4
-11.7
-10.9
-10.9
-9.4

SD
0.02
0.04
0.05
0.09
0.06
0.19
0.12
0.05
0.03
0.04
0.04
0.04
0.07
0.07
0.05
0.04
0.06
0.11
0.04
0.04
0.03
0.03
0.06
0.06
0.06
0.06
0.05
0.02
0.08
0.12
0.07
0.04
0.05
0.08
0.16
0.05
0.07
0.03
0.05
0.04
0.03
0.04
0.02

Raion/City

Month

Desnianskyi 2
Dniprovskyi 7
Dniprovskyi 4
Dniprovskyi 5
Darnytskyi 1
Obolonskyi 2
Sviatoshynskyi
Shevchenkivskyi 2
Solomianskyi 2
Boryspil
Boyarka
Brovary
Desnianskyi 2
Dniprovskyi 4
Darnytskyi 1
Obolonskyi 2
Podilskyi 1
Sviatoshynskyi
Shevchenkivskyi 2
Solomianskyi 2
Boryspil
Brovary
Desnianskyi 2
Dniprovskyi 4
Dniprovskyi 5
Darnytskyi 1
Obolonskyi 2
Podilskyi 1
Sviatoshynskyi
Shevchenkivskyi 2
Solomianskyi 2
Boryspil
Boyarka*
Boyarka
Brovary
Desnianskyi 2
Dniprovskyi 4
Dniprovskyi 5
Darnytskyi 2
Darnytskyi 1
Obolonskyi 2
Podilskyi 1
Sviatoshynskyi

August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
September 2020
September 2020
September 2020
September 2020
September 2020
September 2020
September 2020
September 2020
September 2020
September 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
November 2020
November 2020
November 2020
November 2020
November 2020
November 2020
November 2020
November 2020

δ2 H
(‰)
-74.0
-61.7
-68.3
-63.0
-62.5
-57.4
-57.6
-61.1
-62.2
-84.8
-77.3
-62.3
-77.2
-68.2
-67.5
-59.4
-55.8
-58.2
-64.9
-67.4
-85.5
-61.5
-77.2
-70.3
-69.5
-68.9
-61.1
-70.4
-59.6
-67.2
-69.3
-84.5
-76.9
-77.1
-68.0
-77.6
-70.6
-70.8
-87.2
-70.8
-59.8
-72.8
-62.4
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SD
0.17
0.23
0.05
0.09
0.06
0.17
0.20
0.37
0.09
0.16
0.23
0.09
0.21
0.05
0.20
0.09
0.14
0.14
0.15
0.14
0.24
0.05
0.07
0.32
0.09
0.09
0.18
0.08
0.18
0.24
0.11
0.12
0.12
0.16
0.08
0.11
0.09
0.11
0.25
0.08
0.09
0.05
0.19

δ18O
(‰)
-9.6
-8.0
-9.0
-8.2
-8.2
-7.8
-7.5
-7.8
-8.0
-11.8
-10.9
-8.2
-10.0
-9.0
-8.9
-7.9
-7.3
-7.6
-8.6
-8.3
-11.7
-8.0
-9.9
-10.2
-9.3
-9.0
-8.1
-9.6
-7.9
-9.0
-9.2
-11.8
-10.9
-11.1
-9.0
-10.1
-9.5
-9.6
-12.0
-9.6
-8.1
-9.8
-8.5

SD
0.02
0.08
0.04
0.03
0.06
0.03
0.06
0.05
0.02
0.04
0.11
0.02
0.06
0.05
0.04
0.02
0.03
0.03
0.01
0.05
0.09
0.02
0.04
0.06
0.05
0.03
0.02
0.05
0.04
0.14
0.06
0.06
0.03
0.04
0.04
0.03
0.05
0.03
0.11
0.03
0.03
0.02
0.04

Raion/City

Month

Shevchenkivskyi 2
Solomianskyi 2
Boryspil
Boyarka
Brovary
Desnianskyi 2
Dniprovskyi 4
Dniprovskyi 5
Dniprovskyi 7
Darnytskyi 2
Darnytskyi 1
Obolonskyi 2
Podilskyi 1
Sviatoshynskyi
Shevchenkivskyi 2
Solomianskyi 2
Boryspil
Boyarka
Brovary

November 2020
November 2020
November 2020
November 2020
November 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020

δ2 H
(‰)
-69.1
-70.5
-84.6
-76.7
-71.0
-78.2
-74.1
-74.2
-73.8
-87.9
-74.0
-63.8
-63.8
-63.9
-72.1
-74.5
-84.1
-77.0
-75.5
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SD
0.21
0.11
0.10
0.17
0.13
0.15
0.18
0.26
0.06
0.11
0.10
0.11
0.13
0.08
0.09
0.05
0.14
0.10
0.24

δ18O
(‰)
-9.3
-9.5
-11.6
-10.8
-9.6
-10.1
-10.2
-10.2
-9.9
-11.9
-10.1
-8.9
-8.8
-8.8
-9.7
-10.2
-11.7
-11.0
-10.5

SD
0.04
0.07
0.04
0.04
0.05
0.05
0.06
0.03
0.04
0.03
0.05
0.02
0.05
0.04
0.04
0.08
0.07
0.04
0.04

APPENDIX 8. SURFACE WATER SAMPLES FROM THE DNIPRO AND DESENKA
RIVERS AT KYIV AND THE DNIPRO RIVER AT CHERKASY

Location
Dnipro River
Desenka River
Dnipro River
Desenka River
Dnipro River
Dnipro River
Dnipro River
Dnipro River
Desenka River
Dnipro River
Desenka River
Dnipro River
Desenka River
Dnipro River
Desenka River
Dnipro River
Desenka River
Dnipro River
Desenka River
Location
Dnipro River
Dnipro River
Dnipro River
Dnipro River
Dnipro River
Dnipro River
Dnipro River
Dnipro River

At Kyiv
δ2 H
Month
(‰)
December 2019
-66.7
December 2019
-61.6
January 2020
-70.2
January 2020
-63.2
March 2020
-73.2
May 2020
-69.1
June 2020
-66.0
July 2020
-61.9
July 2020
-61.6
August 2020
-59.0
August 2020
-59.4
September 2020
-57.6
September 2020
-58.7
October 2020
-60.0
October 2020
-58.2
November 2020
-62.1
November 2020
-58.9
December 2020
-69.8
December 2020
-60.4
At Cherkasy
δ2 H
Month
(‰)
March 2020
-70.4
April 2020
-70.5
May 2020
-69.5
June 2020
-61.0
August 2020
-56.3
October 2020
-56.8
November 2020
-57.0
December 2020
-60.7
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SD

δ18O (‰)

SD

0.12
0.21
0.16
0.11
0.22
0.12
0.16
0.13
0.14
0.15
0.23
0.08
0.16
0.08
0.08
0.12
0.20
0.32
0.25

-9.0
-7.8
-9.6
-8.2
-10.2
-9.3
-9.0
-8.2
-7.9
-7.5
-7.7
-7.4
-7.5
-7.9
-7.5
-8.5
-7.6
-9.7
-8.1

0.03
0.02
0.08
0.10
0.01
0.04
0.08
0.03
0.06
0.05
0.01
0.06
0.08
0.04
0.05
0.04
0.04
0.04
0.07

SD

δ18O (‰)

SD

0.21
0.14
0.18
0.17
0.38
0.27
0.41
0.21

-9.8
-9.8
-9.5
-7.6
-7.3
-7.2
-7.3
-7.9

0.05
0.04
0.01
0.06
0.02
0.04
0.06
0.08

APPENDIX 9. GROUNDWATER SAMPLES FROM THE TEN DISTRICTS IN KYIV

Raion/City
Dniprovskyi
Darnytskyi
Obolonskyi
Sviatoshynskyi
Podilskyi
Desnianskyi
Dniprovskyi
Shevchenkivskyi
Shevchenkivskyi
Desnianskyi
Dniprovskyi
Shevchenkivskyi
Desnianskyi
Dniprovskyi
Shevchenkivskyi
Desnianskyi
Dniprovskyi
Obolonskyi
Podilskyi
Sviatoshynskyi
Shevchenkivskyi
Solomianskyi 1
Pecherskyi 1
Desnianskyi
Dniprovskyi
Darnytskyi
Obolonskyi
Podilskyi
Sviatoshynskyi
Shevchenkivskyi
Solomianskyi 1
Solomianskyi 2
Pecherskyi 1
Desnianskyi
Dniprovskyi
Darnytskyi
Obolonskyi
Podilskyi
Sviatoshynskyi

Month
January 2020
January 2020
January 2020
January 2020
February 2020
March 2020
March 2020
March 2020
April 2020
May 2020
May 2020
May 2020
June 2020
June 2020
June 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
July 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
August 2020
September 2020
September 2020
September 2020
September 2020
September 2020
September 2020

δ2H (‰)
-77.8
-89.5
-77.2
-80.9
-80.4
-79.8
-77.8
-86.2
-86.1
-80.0
-77.6
-86.3
-80.0
-78.0
-86.3
-79.7
-77.8
-79.7
-81.6
-80.2
-85.9
-84.2
-78.4
-79.8
-78.0
-88.1
-81.0
-80.7
-80.2
-85.4
-81.3
-83.1
-78.4
-80.0
-77.9
-87.9
-81.2
-81.0
-80.3

113

SD
0.15
0.16
0.01
0.13
0.05
0.20
0.21
0.11
0.17
0.09
0.18
0.16
0.23
0.25
0.12
0.19
0.16
0.20
0.17
0.20
0.17
0.17
0.10
0.08
0.18
0.06
0.31
0.21
0.21
0.28
0.33
0.27
0.40
0.22
0.12
0.15
0.10
0.07
0.14

δ18O (‰)
-11.1
-12.2
-10.8
-11.7
-10.6
-10.6
-11.2
-12.0
-12.1
-10.2
-10.9
-11.9
-10.3
-10.8
-12.0
-10.3
-10.8
-10.7
-10.5
-11.4
-12.0
-11.7
-10.8
-10.7
-10.8
-11.8
-10.8
-10.6
-11.6
-12.0
-11.5
-11.1
-11.0
-10.4
-10.8
-11.9
-10.9
-11.0
-11.3

SD
0.04
0.04
0.12
0.09
0.05
0.05
0.05
0.03
0.05
0.08
0.05
0.08
0.06
0.03
0.08
0.05
0.03
0.13
0.08
0.08
0.07
0.07
0.10
0.04
0.04
0.02
0.06
0.06
0.08
0.04
0.05
0.02
0.05
0.06
0.04
0.08
0.04
0.07
0.07

Raion/City
Shevchenkivskyi 2
Shevchenkivskyi 1
Solomianskyi 1
Solomianskyi 2
Pecherskyi 1
Holosiivskyi
Desnianskyi
Darnytskyi
Obolonskyi
Podilskyi
Sviatoshynskyi
Shevchenkivskyi 2
Shevchenkivskyi 1
Solomianskyi 1
Solomianskyi 2
Pecherskyi 2
Pecherskyi 1
Desnianskyi
Dniprovskyi
Obolonskyi
Podilskyi
Sviatoshynskyi
Shevchenkivskyi 2
Shevchenkivskyi 1
Solomianskyi 1
Pecherskyi 2
Pecherskyi 1
Holosiivskyi
Desnianskyi
Dniprovskyi
Obolonskyi
Podilskyi
Sviatoshynskyi
Shevchenkivskyi 2
Shevchenkivskyi 1
Solomianskyi 1
Pecherskyi 2
Pecherskyi 1
Holosiivskyi

Month
September 2020
September 2020
September 2020
September 2020
September 2020
September 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
October 2020
November 2020
November 2020
November 2020
November 2020
November 2020
November 2020
November 2020
November 2020
November 2020
November 2020
November 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020
December 2020

δ2H (‰)
-74.3
-86.6
-80.7
-82.8
-78.6
-83.1
-80.1
-88.0
-81.2
-81.6
-79.8
-71.2
-86.2
-81.0
-82.0
-74.5
-79.1
-79.9
-77.6
-81.6
-81.1
-80.3
-74.7
-86.5
-81.6
-73.9
-78.8
-82.4
-79.9
-77.9
-81.0
-80.7
-80.0
-74.6
-85.9
-80.8
-73.9
-78.4
-82.9
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SD
0.32
0.09
0.11
0.14
0.11
0.13
0.11
0.05
0.10
0.35
0.10
0.16
0.21
0.14
0.20
0.31
0.19
0.19
0.24
0.03
0.23
0.14
0.17
0.24
0.10
0.05
0.20
0.20
0.16
0.14
0.24
0.22
0.12
0.17
0.04
0.22
0.11
0.17
0.07

δ18O (‰)
-10.2
-11.5
-11.2
-11.1
-11.2
-11.0
-10.5
-11.8
-10.9
-11.2
-11.3
-9.6
-12.1
-11.4
-11.0
-10.2
-10.7
-10.5
-10.8
-10.7
-10.9
-11.4
-10.2
-12.1
-11.6
-10.2
-11.1
-10.5
-10.4
-10.8
-10.6
-10.8
-11.3
-10.2
-11.8
-11.3
-10.1
-11.0
-10.8

SD
0.06
0.08
0.05
0.01
0.04
0.03
0.07
0.09
0.05
0.14
0.04
0.02
0.05
0.02
0.05
0.05
0.07
0.07
0.05
0.06
0.04
0.07
0.05
0.11
0.06
0.03
0.06
0.04
0.03
0.06
0.03
0.03
0.07
0.08
0.02
0.03
0.05
0.03
0.05

APPENDIX 10. PRE-RESTORATION GROUNDWATER LEVEL DATA (SHARP
SPIKES ARE DUE TO DIVER REMOVAL DURING SAMPLING)
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APPENDIX 11. POST-RESTORATION GROUNDWATER LEVEL DATA (SHARP
SPIKES ARE DUE TO DIVER REMOVAL DURING SAMPLING)
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118

119

120

121
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APPENDIX 12. TRACER ADSORPTION TO SEDIMENT
During a batch experiment, adsorption played more of a role in post-stream restoration
Raz recovery. Sediment from Section 1 affected Raz recovery the most, while sediment
from Section 2 also had a strong effect.
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APPENDIX 13. OUTPUTS FROM QTRACER2 FOR EACH OF THE THREE
STATIONS, BOTH BEFORE STREAM RESTORATION AND AFTER STREAM
RESTORATION
The abnormally high recovery of the resazurin tracer pre-restoration is likely due to
overcounting during analysis. These values were considered to be 100% recovery. Mean
tracer residence time, mean tracer velocity, and longitudinal dispersivity could not be
calculated for post-restoration station 3 because Raz and Rru were not above the
detection limit for enough samples.
Stream tracer test pre-restoration

NaBr

Station 1
Station 2
Station 3
Resazurin Station 1
Station 2
Station 3

NaBr

Station 1
Station 2
Station 3
Resazurin Station 1
Station 2
Station 3

Mean
Mean
Mass
Tracer
Tracer
Recovery
Residence
Velocity
(%)
Time (h)
(m/h)
36.6
0.5
40
33.7
0.73
65.58
27.4
0.8
112.4
146.8
22.72
0.97
63.23
27.65
1.73
635.97
16.52
5.44
Stream tracer test post-restoration
Mass
Recovery
(%)
30.6
34.6
33.1
0
0
29.73

Mean
Tracer
Residence
Time (h)
1.43
91.24
77.44
----
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Mean
Tracer
Velocity
(m/h)
30.81
0.87
1.46
----

Longitudinal
Dispersivity (m)
0.09
3.6
0.89
1.78
0.58
11.37

Longitudinal
Dispersivity (m)
3.04
31.04
3.35
----
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